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ABSTRACT 


Ionization  phenomena  in  gases  were  studied 
mass  spect romet rically  using  a  40  to  100  kev  proton 
beam  as  the  ionizing  medium.  The  research  involved 
two  separate  areas  in  the  field  of  ionization  phenomena 
The  first  dealt  with  ionization  cross  sections  and  frag 
mentations  of  molecules  induced  by  the  high  energy 
protons.  The  second  area  of  research  was  studies  of 
ion-molecule  reactions  at  high  ion  source  pressures. 

Ionization  and  charge  transfer  cross  sections 

for  Kr,  Ne,  CH^,  and  n_C4H10  were  measureci 

with  40  to  100  kev  protons.  The  simple  ionization 
cross  sections  are  almost  constant  in  this  energy 
range,  while  the  charge  transfer  cross  sections  are 
roughly  40%  of  the  total  ionization  at  40  kev  and 
decrease  to  about  10%  at  100  kev.  The  ionization 
cross  sections  of  a  variety  of  molecules,  including 
some  alkanes,  alkenes,  alkynes,  chloroalkanes  and 
benzene,  were  measured  with  100  kev  protons  and  could 
be  linearly  related  to  the  molecular  polarizabilities. 

The  mass  spectra  of  a  number  of  hydrocarbons 
were  measured  with  50  and  100  kev  protons.  The  mass 
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spectra  are  qualitatively  very  similar  to  spectra  obtain¬ 
ed  with  electrons  of  the  same  velocity  (55  ev  for  100  kev 
protons) .  This  is  to  be  expected  from  a  qualitative 
extension  of  the  Bethe-Born  equation  to  ionization 
of  molecular  electrons.  Since  the  mass  spectra  change 
little  with  velocity,  the  fragmentation  patterns  with 
50-75  ev  electrons  are  a  good  guide  to  ionization  by 
any  (singly)  charged  particle  with  velocity  higher  than  3x 
10^  cm/sec. 

Fragments  of  high  appearance  potentials  and 

doubly  charged  ions  are  considerably  more  abundant 

in  50-100  kev  proton  spectra  than  at  higher  proton 

energies  or  in  the  electron  impact  spectra.  Conclusions 

can  be  made  as  to  the  charge  exchange  mass  spectra 

produced  by  particles  with  velocities  in  the  range 
8 

10  cm/sec.  These  mass  spectra  are  very  different 
from  charge  transfer  spectra  obtained  at  low  primary 
ion  energies.  Thus  there  is  little  dependence  on 
the  recombination  energy  of  the  primary  ion.  The  charge 
transfer  spectra  seem  not  very  different  from  the  spectra 
produced  by  simple  ionization.  This  means  that  the 
distribution  of  internal  energies  imparted  to  the  new 
ion  cannot  be  very  different  from  that  in  pure  ionization. 
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Ion-molecule  reactions  in  methane  were  studied 

at  ion  source  pressures  up  to  2.2  torr.  Since  use  of 

100  kev  protons  as  the  ionizing  medium  for  mass 

spectral  studies  at  elevated  ion  source  pressures  is 

a  new  method,  comparisons  with  previous  studies  to 

test  the  technique  were  thought  to  be  desirable.  Good 

agreement  was  found  with  previous  studies  of  ionic 

reactions  in  methane  using  electron  impact  indicating 

that  this  new  ionizing  medium  can  be  useful  in  ion- 

molecule  reaction  studies  in  the  gas  phase.  The  main 

secondary  product  ions  CH  +  and  C  H  +, were  found  to  be 

5  2  5  ' 

essentially  inert  in  methane.  The  product  ions  C2H4+ 
and  C-jHg*  which  are  of  lesser  intensities,  also  appear 
to  be  unreactive.  No  product  ions  of  higher  mass  than 
are  found  which  could  be  unequivocally  ascribed 
to  ion-molecule  reactions.  Reaction  cross  sections 
for  the  primary  and  secondary  ions  in  methane  were 
measured. 

At  varying  ion  source  pressures  up  to  1. 25 

torr,  extensive  ionic  polymerization,  due  to  ion- 

molecule  reactions,  was  found  in  ethylene.  Ions  up  to 

mass  140  were  found  in  mass  spectrum  at  1  torr.  One 

principal  series  of  ions  found  is  of  general  formula 

C  H  where  k  is  odd.  Reaction  cross  sections  for 

k  2k- 17 

the  primary  and  some  secondary  ions  in  ethylene  were 
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measured . 


Ion-molecule  reactions  in  nitric  oxide-ethylene 
mixtures  were  studied  at  varied  nitric  oxide  concentra¬ 
tions  at  total  ion  source  pressures  up  to  1  torr. 

The  primary  N0+  formed  by  both  ionization  (by  the  proton 
beam)  and  by  charge  transfer  from  some  ions  of  ethylene 

reacts  rapidly  with  ethylene  to  yield  mainly  C  H  N0+. 

4  8 


Other  NO-containing  hydrocarbon  ions  such  as  C  H  (NO)  + 

2  5  2 

and  were  also  observed  in  the  spectra.  From 

studies  with  low  NO  concentrations  it  was  shown  that 
C^HgNO+  is  also  formed  by  reactions  of  ethylenic  ions 
with  nitric  oxide. 

Ion -molecule  reactions  in  water  vapor  at 

ion  source  pressures  up  to  1  torr  were  studied.  Cluster- 

+ 

ing  of  water  molecules  around  the  hydronium  ion  H^O  , 
were  the  predominant  reactions  so  that  essentially  the 
only  product  ions  observed  were  of  the  general  formula 
H^0+*nH20.  At  pressures  above  0.3  torr,  clustering  near 
equilibrium  was  probably  achieved,  indicating  that 
clustering  equilibrium  is  achieved  very  rapidly. 

In  the  system  methanol-water,  it  was  found 
that  at  methanol  concentrations  above  2%,  methanol 
preferentially  solvates  the  CH  OH  + 
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water.  For  larger  clusters  (more  than  seven  molecules 
solvating)  water  is  taken  up  preferentially.  By 
comparison  with  equilibrium  experiments,  with  an  ionic 
reaction  time  of  1  millisecond,  it  was  shown  that  near 
equilibrium  clustering  was  achieved  very  rapidly,  possibly 

_5 

in  about  10  seconds. 


.vXXsi Jr.3t9l33q  qu  nsjtea  as  leisw  (er  ti.  lea 
-:w  ,sJ  .-nisaq.'.i  -ru  ;  ■ .X  P‘  •!  .  v  ■  " '  ^  ’ 


z&*>n  rJsrf*  nworia  asw  .bnoosai-Uim  '  "o  »«  r  r  >  J  ser. 


ACKNOWLEDGEMENT  S 


The  author  expresses  his  deep  appreciation  for  the 
guidance  and  encouragement  of  Dr.  Paul  Kebarle  in  all  phases 
of  this  work. 

The  helpful  discussions  and  assistance  of  many 
graduate  students  in  Chemistry  is  acknowledged. 

The  author  would  like  to  acknowledge  the  assistance 
of  the  technical  staff  of  the  Chemistry  Department  and  of 
the  Technical  Services  Machine  Shop. 

The  author  wishes  to  thank  Mrs.  Lea  Watson  for 
typing  part  of  this  thesis. 

The  understanding  and  encouragement  of  the  author's 
wife,  Maxine,  is  sincerely  appreciated.  Her  care  and  speed 
in  typing  the  main  part  of  the  thesis  was  invaluable. 


: 


ioxnffosT  &A3 


.3 t-wrl  ixf  j:  to  n.&r  paxq  ::• 


\e  y le^eonis  ex  ,©ixw 


■ 


VI 


TABLE  OF  CONTENTS 

Page 

ABSTRACT  i 

ACKNOWLEDGEMENTS  iii 

TABLE  OF  CONTENTS  vi 

LIST  OF  FIGURES  xii 

LIST  OF  TABLES  xv 

1.  INTRODUCTION  1 

PART  I.  IONIZATION  AND  DISSOCIATION  OF  ATOMS  AND  MOLECULES  BY 
HIGH  ENERGY  PROTONS  1 

1.1  Classification  of  Inelastic  Collisions  1 

1.2  The  Collision  Cross  Section  2 

1.3  Measurement  of  Inelastic  Collision  4 

Cross  Sections 

1.4  General  Description  of  Ionization  and 
Charge  Transfer  by  High  Velocity 

Atomic  Ions  6 

A.  Ionization  6 

B.  Charge  Transfer  8 

1.5  The  Bethe-Born  Approximation  12 

1.6  Scope  of  Present  Project  14 

A.  Mass  Spectral  Studies  14 

B.  Ionization  Cross  Section  Studies  16 

PART  II.  ION-MOLECULE  REACTIONS  IN  GASES  17 

1.7  Processes  Occurring  at  Elevated  Ion 

Source  Pressures  17 


v  •  iICM  g  1A  2  IOTA'  *110  J1C.IT  00c  •  -C  •.  J  -  IV 

j  -zrLi-.  :  .  .< 


)  -  -  "  ’  0  •- 


bne  aoiOssxfioI  io  noi^qi^089a  Isidn 


■ 

'  ■  • 


?  I  .  f)  W  ■  VC  rOA  W  1  -:<:03  )'  -i 


Vll 

Page 

1 . 8  Ion-Molecule  Reaction  Cross  Sections 

and  Rate  Constants  19 

1.9  The  Trend  Toward  Increased  Pressures 

in  Ion-Molecule  Reactions  23 

1.10  Scope  of  the  Present  Study  24 

A.  Advantages  of  a  100  kev  proton  beam 

compared  to  other  ionizing  media  24 

B.  Systems  studied  26 

C.  References  to  previous  research  26 

2.  EXPERIMENTAL  28 

2.1  Proton  Generator  28 

A.  Apparatus  description  28 

B.  Principles  of  operation  32 

C.  Safety  precautions  36 

D.  Operating  procedure  and  maintenance  36 

2.2  The  Mass  Spectrometer  39 

2.3  Sample  Inlet  System  43 

2.4  Cross  Section  Measurements  45 

2.5  Low  Pressure  Mass  Spectral  Measurements 

(Primary  Proton  Impact  Spectra)  48 

2.6  Ion  Molecule  Reactions  -  (High  Pressure 

Mass  Spectra)  49 

A.  Ion  Source  49 

B.  Thin  foils  in  the  ion  source  49 

C.  Secondary  electron  multiplier  53 

D.  "Metastable"  suppressor  55 

E.  Ion  source  pressure  measurements  56 

F.  Sample  inlet  system  56 


.  :•  •,  .  i  • 

•  ..  -  ) 

Y  ;  r  1 


•  •  - 

:&  f»cjo  i  /-  <2  o  .  *  -•  * 


u  I  • 

> 

I  *  J>» 

;  .•  •' 

t  • 

•  ,o<  ...  >•  •  tci  TJ  1,1 

•  .  .  •  ■  1  ' 

t  I  r.  c  ‘ 

■  <  ■ 


Vlll 


Page 

3.  IONIZATION  CROSS  SECTIONS;  PRIMARY  PROTON  MASS  SPECTRA 

PART  I.  Cross  Section  Measurements  58 

1.1  Cross  Section  Evaluation  from 

Experimental  Results  58 

1.2  Comparison  with  Previous  Results  61 

1.3  Errors  in  Cross  Section  Measurements  61 

A.  Pressure  measurement  61 

B.  Influence  of  H2+  in  the  proton  beam  64 

C.  Secondary  electron  effects  64 

1.4  New  Cross  Section  Values  65 

1.5  Discussion  of  Ionization  Cross  Section 

Results  for  Molecules  69 

PART  II.  Mass  Spectra  70 

4.  ION-MOLECULE  REACTIONS  IN  METHANE  86 

4.1  Introduction  86 

A.  Previous  results  86 

B.  Scope  of  present  study  88 

4.2  Results  89 

4.3  Determination  of  Reaction  Cross  Sections  92 

4.4  Discussion  of  Results  98 

4.5  Conclusions  104 

5.  ION-MOLECULE  REACTIONS  IN  ETHYLENE)  106 

5.1  Introduction  106 

A.  Previous  studies  106 

B.  Present  investigation  110 


5.2  Results 


110 


•  '  1 


■'  -  •  ?  O  ^ 

in  .  &)  in  r  e:  ‘ 

•••  ''  .  . 


•  .  i 


I  i 


' 


>01 


- 


. 


IX 


.  Page 

5.2  Reaction  Cross  Sections,  Q  115 

5.3  Discussion  of  Ionic  Polymerization 

in  Ethylene  117 

A.  Variation  of  ionic  intensities 

with  pressure  117 

B.  Agreement  of  totals  of  assigned 

product  R.A.'s  with  the  R.A.  of  their 
(initial)  primary  precursors  123 

C.  Influence  of  external  factors  on  the 

observed  mass  spectra  127 

5.5  Conclusions  130 

5.6  Suggestions  for  further  research  132 

6.  GASEOUS  IONIC  REACTIONS  IN  ETHYLENE-NITRIC  OXIDE 

MIXTURES  133 

6.1  Introduction  133 

6.2  Results  and  Discussion  137 

A.  Ionic  reactions  in  ethylene  contain¬ 
ing  a  high  concentration  of  nitric 

oxide  137 

B.  NO-ethylene  mixtures  at  low 

(1%  and  4%)  NO  concentration  141 

6.3  Conclusions  143 

7.  ION-SOLVENT  MOLECULE  INTERACTIONS  IN  THE  GAS  PHASE  144 

7.0  General  Introduction  144 

A.  Previous  work  144 

B.  Present  research  145 

PART  I.  The  System  (H20)n  H30+  145 


Q  r  (  h  -v-  j  '  :  )  >. 

'  •->  r  ,  :  !  I  r.(  '  c  * :  o  i  -j?.  ■ fo.  •  *  •  *  ?■ 

■ 

4  .  ■>  ‘  '■  1 

r  t  3  ■  .  ,.r  s  fl  c  ’  .A,H  -t-  tc. 

»  •.  r  _  '  . 

■ 

, 


■ 

. 


nc.  >  j  Jbr .  ad' J  o  ;  1  £  •  c 

■niidaoo  ens^Y1  da  o  tofi9i  xnol  .A 

.  n  d  'to.  -•  i - '  :  ■  1  r :  '  •  l ;  - 

•.  o 

wol  dB  r*9iJJdxijn  f>n9  ,8 

n  ,ac  )  ■  W  (  -  ■ 

I  p  >1  J,'  q  •  r  .  A  0  >H0  .L 

no  dc^  boxfn  Sr  >t 

,e'-~ 

■  ■ 

. 


PART 


X 

Page 

7.1 

Introduction 

145 

7.2 

The  Higher  Pressure  Mass  Spectrum 

of  Water  Vapor 

147 

7.3 

Reactions  of  the  Primary  Ions,  H20+  and 

OH+ 

149 

7.4 

The  "Beam  Model"  of  Consecutive 

Hydration  Steps 

149 

7.5 

Equilibrium  in  the  Hydration  of  H30+ 

154 

7.6 

Conclusions 

160 

7.7 

Suggestions  for  Further  Experiments 

161 

Competiti/ve  Solvation  in  the  Gas  Phase, 

The 

System  Water-Methanol 

163 

7.8 

Introduction 

163 

7.9 

Results 

164 

7.10 

Calculation  of  the  Preferential  Take  Up 

17  2 

of  Methanol  into  the  Water-Methanol  Clusters 

7.11 

Equilibrium  in  the  Solvation  of  MH+ 

by  Water  and  Methanol 

17  6 

A.  Qualitative  model 

B.  Comparison  with  other  equilibrium 

177 

Results 

177 

7.12 

Further  Discussion  of  the  Solvation 

of  MH+  by  Methanol  and  Water 

178 

A.  Variation  of  y  with  increasing  n 

B.  Use  of  the  "electrostatic  theory" 

in  the  interpretation  of  competitive 

178 

solvation 


181 


, 

1  i  !  •  • 

)  -  ;  yj  to 

'  *  d  •  ' 

U  > -,ri.  /•  •  *':  ■ 

t;  8  .  V 


. 


' 

I(  ns.;  t9.  '  I  :i  .19  ■  YCf 


. 

;•  . 


XI 


Page 

C.  Evidence  for  shell  structure  in 

+ 

competitive  solvation  of  MH  by 

methanol  and  water  182 

7.13  Conclusions  182 

7.14  Suggestions  for  Further  Research  183 

BIBLIOGRAPHY  184 

APPENDIX  189 


Jl9rf8  soi  sor;  - 


•  '  l>3  '  : 


8AC.  •  •:  •  ' 


Xll 


LIST  OF  FIGURES 

FIGURE  Page 

1.1  Cross-Sectional  View  of  an  Ion  Source  with 

Elevated  Gas  Pressure  18 

2.1  The  Proton  Accelerator  29 

2.2  Schematic  View  of  the  Proton  Accelerator  31 

2.3  The  Proton  Accelerator  Ion  Source 

2.4  The  Ion  Source  Section  of  Proton  Beam  Mass  33 

Spectrometer  35 

2.5  The  Mass  Spectrometer  41 

2.6  The  Mass  Spectrometer  Ion  Source  42 

2.7  Sample  Inlet  System  44 

2.8  Typical  Saturation  Current  Curve  for  Collection 

of  Both  Positive  Ions  and  Electrons  47 

2.9  The  Mounting  of  Ion  Source  Foils  51 

2.10  Schematic  View  of  Secondary  Electron  Multiplier 

(SEM)  Collection  54 

3.1  Plot  for  Evaluation  of  a+  and  a_  by  100  kev 

Protons  in  Krypton  59 

3.2  Plot  for  Evaluation  of  a+  for  n-Butane  for 

40  kev  Protons  60 

3.3  Simple  Ionization  Cross  Sections,  a_,  of  Neon, 

Nitrogen  and  Krypton  with  40  to  100  kev  Protons  62 

3.4  Gross  Ionization  Cross  Sections,  a+  of  Krypton, 

Nitrogen  and  Neon  for  40  to  100  kev  Protons 


63 


x 

' 

I.S 

isd‘90id'l^o©q2 

j  uoa  ioi  9:-  ~  't(  »»q2  c 

. 

a^Uq-J-lXoM  no-  lo-  3  vie  >nooe  :  c  \  9X  '  ox  t£<  (’I*i 

% 

v..M  001  yd  .0  £>.-.£•  ...  o  noi  >v3  v  ’OJ- ’  X.i 

V9jl  0^ 

' 


Xlll 


FIGURE  Page 

3.5  Total  (or  Gross)  Ionization  Cross  Sections  and 
Charge  Transfer  Cross  Sections  of  Methane,  Ethylene 

and  n-Butane  for  40  to  100  kev  Protons  66 

3.6  Simple  Ionization  Cross  Sections  (o_)  for  Methane, 

Ethylene,  and  n-Butane  for  40  to  100  kev  Protons  67 

3.7  Correlation  Between  Cross  Sections  a+  and  o_  with  100 
kev  Protons  and  Number  of  Valence  (Outer  Shell) 

Electrons  71 

3.8  Correlation  between  Polarizabilities  of  Compounds  and 

Ionization  Cross  Sections  with  100  kev  Protons  72 

3.9  Fragmentation  Pattern  Dependence  on  Proton  Velocity 

(Energy)  for  Ethylene  81 

4.1  Relative  Abundances  of  Product  Ions  in  Methane 

as  a  Function  of  Ion  Source  Pressure  90 

4.2  Variations  with  Pressure  of  Relative  Abundances 

of  Some  Ions  in  Methane  91 

4.3  Comparison  of  Ionic  Product  Variations  in  Methane  99 

4.4  Comparison  of  Ionic  Product  Variations  in  Methane  100 

5.1  Mass  Spectra  of  Ethylene  at  Various  Ion  Source 

Pressures  112 

5.2  Comparison  of  High  Pressure  Mass  Spectra  of  Ethylene  113 

5.3  Mass  Spectra  of  Ethylene  at  Different  Ion  Source 

Pressures  116 

5.4  Variations  with  Pressure  of  Main  Product  Ions  in 

Ethylene  Formed  from  a  C2H4  +  Precursor  119 


3HU9I 1 


■  '  \&4/  '-oi  (Y^erH)  *  •  $ 


Pc,uo£  COT  2ioi«V  J  .  :nS[-^S  V  -  '  *  •«'* 


... 


£.2 


^.2 

10MiJr09iq  Hs0  6  «lO!l3  b9«-?  '  a  '  1  '■*  3 


XIV 


FIGURE  Page 

5.5  Variations  with  Pressure  of  Main  Product  Ions 

in  Ethylene  Due  to  a  C2H8+  Precursor  120 

5.6  Variations  with  Pressure  of  Main  Product  Ions 

in  Ethylene  Dlie  to  a  C2H2  +  Precursor  121 

6.1  Mass  Spectrum  of  20  torr  Ethylene  with  0.1%  NO  136 

6.2  Mass  Spectra  of  21%  NO-Ethylene  Mixtures  138 

6.3  Mass  Spectra  of  Ethylene-NO  Mixtures  at  Low 

Concentration  of  Nitric  Oxide  142 

7.1  Intensities  of  Hydrate  Ions  in  Water  Vapor  at 

Pressures  up  to  1  torr  148 


7.2  Fit  of  Experimental  Water  Vapor  Mass  Spectra  to  the 


Successive  Reaction  Scheme  Calculated  from 

Equation  (7.8)  153 

7.3  Fit  of  Experimental  Water  Vapor  Mass  Spectra  to 

the  Equilibrium  Mass  Spectra  156 

7.4  Effect  of  Increasing  Ion  Exit  Energy  in  the  Mass 

Spectrum  of  Water  Vapor  at  0.36  torr  159 

7.5  Mass  Spectra  of  Water  and  Water-Methanol  Mixture  165 

7.6  Mass  Spectrum  of  Methanol-Water  Mixture  166 

7.7  Mass  Spectra  of  Water-Methanol  Mixture  and 

Pure  Methanol  167 

7.8  Variations  of  Summed  Cluster  Groups  of  L^h"1" 

in  Methanol-Water  Mixtures  171 

7.9  Variation  of  log  y  versus  Number  of  Solvated 


Molecules  (n) 


179 


' 

JlW  6-,a,  61fM  icxjbV  isisV)  XSi«-.  i  -  3  ie  W 


8a*  t  e  iJ  «i  *>  ««’  **«■  not  <?«  «•»<«  *o  ‘ 

,  .  v.  5  u  *****  *>  - 

••WC»xiM  asifeW-lonBriisM  ni 


XV 


LIST  OF  TABLES 

Table  Page 

3.1  Normalized  Cross  Sections  for  100  kev  protons  69 

3.2  Comparative  Mass  Spectra  of  Hydrocarbons 

Ionized  by  50  and  100  kev  Protons  and  55  ev 
Electrons  73-75 

3.3  Comparison  Between  55  ev  Electron  and  100  kev 

Proton  Spectra  Percentage  of  Ion  Yields  of 
Fragments  for  which  Deviation  is  4=0.1  77 

4.1  Total  Reaction  Cross  Sections  of  Ions  with 

Methane  95 

4.2  Rate  Constants  of  Reaction  of  Product  Ions 

with  Methane  97 

4.3  Primary  (low  pressure)  Mass  Spectrum  of 

Methane  103 

5.1  Total  Cross  Sections  for  Reactions  of  Ions 

with  Ethylene  118 

5.2  Ion  Product  Balance  for  Selected  Ethylene 

Pressures  (repeller  =  11  V/cm)  124 

7.1  Mass  Spectra  of  Water-Methanol  Mixtures  at 

0.36  torr  Water  and  Varying  Methanol 


Concent rat  ions 


169 


I  Oi  ax  noxiexvsa  rfoxrfw 


anol  fouboxQ  io  noiJ  >B9«  !  1  r'  c':  '  1 


a  no!  '  *  D  1  ^  * 


■  \\  !  •  '  )  : 


XVI 


Table 

7.2 

7.3 


Mass  Spectra  of  Mefhano 1-Water  Mixtures  Show¬ 
ing  Competitive  Solvation  of  the  Proton  by 
Methanol  and  Water  Molecules. 

Coefficients  of  Preferential  Methanol  take 
up  (7)  in  the  Water-Methanol  Clusters. 


Page 


173 


175 


V  I :  l  '  ‘  •  •  ll 


■ 


1 


1 .  INTRODUCTION 

This  thesis  describes  experimental  work  done  with  a  mass 
spectrometer  in  which  the  ionizing  medium  is  a  40  to  100  kev 
proton  beam.  The  mass  spectrometer  is  coupled  to  a  Cockroft- 
Walton  type  proton  accelerator.  The  proton  beam  mass  spectro¬ 
meter  was  constructed  by  the  author  for  investigations  into 
two  somewhat  different  areas  in  the  field  of  ionization  pheno¬ 
mena.  The  first  area  deals  with  the  ionization  cross  sections 
and  ionic  fragmentations  of  molecules  induced  by  high  energy 
protons.  The  second  field  is  that  of  ion-molecule  reactions  at 
high  pressures.  A  discussion  of  the  background  information  and 
the  areas  which  will  be  investigated  is  given  below.  The 
two  main  areas  of  the  research  mentioned  above  will  be  discussed 
separately  in  Farts  I  and  II  of  this  introduction. 


PART  I.  IONIZATION  AND  DISSOCIATION  OF  ATOMS  AND  MOLECULES  BY 

HIGH  ENERGY  PROTONS 

Ionization  and  dissociation  of  gas  atoms  and  molecules  by 

fast  protons  falls  in  the  general  area  of  inelastic  collisions 

between  ionic  particles  and  atoms  or  molecules.  An  inelastic 

collision  involves  conversion  of  kinetic  energy  of  the  incident 

beam  of  fast  ions  to  internal  energy  of  the  target  species 

Transfer  of  internal  energy  between  the  collision 
(atoms  or  molecules)  .  A  classification  of  some  of  the  pheno-  CcFrf* 

.  .  ,  ,  .  also 

mena  due  to  inelastic  collisions  between  these  systems  is 

V/  - - - - U.  i- 

first  given. 

1 . 1  Classification  of  Inelastic  Collisions 

Considering  the  impact  of  a  simple  atomic  ion  A+  on 
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a  stationary  atom  B,  a  variety  of  types  of  inelastic  reac¬ 
tions  can  occur.  Some  of  these  are  single  charge  transfer: 

A+  +  B  ->  A  +  B+  (1.1) 


double  charge  transfer: 


4-  ++ 

A  +  B  +  A~  +  B 


ionization: 


A+  +  B 


+ 

A  +  B  +  e 


transfer  ionization: 


A+  +  B  +  A  +  B++  +  e 


and  stripping: 


A+  +  B  +  A++  +  e  +  B 


(1.2) 


(1.3) 


(1.4) 


(1.5) 


The  stripping  of  electrons  from  the  incident  particle 
(A+)  as  in  reaction  (1.5)  cannot  occur  using  incident  protons. 
In  molecular  systems  dissociation  to  yield  fragment  ions 
by  both  charge  transfer  and  ionization  can  occur  as  in  reac¬ 
tions  (1.6)  and  (1.7),  respectively. 

A+  +  M  -<•  A  +  X+  +  Y  (1.6) 

A+  +  M  •+  A+  +  X+  +  Y  +  e  (1.7) 


Since  the  probability  of  occurence  of  these  phenomena 
due  to  inelastic  collisions  may  be  described  and  measured  by 
collision  cross  sections,  this  concept  will  now  be  discussed. 
1.2.  The  Collision  Cross  Section  a 

Consider  a  monoenergetic  beam  of  Nq  particles  per 
second  incident  upon  a  gas  whose  concentration  is  n  particles 

3 

per  cm  .  It  can  be  considered  that  the  target  particles  present 


' 


3 


an  effective  area. 

2 

a,  (in  cm  )  to  the  incident  beam.  After 

travelling  a  small 

distance  dx  (cm)  in  the  gas,  the  unreacted 

component  of  the  incident  beam,  N,  will  change  by  dN,  as 


given  by 

dN  = 

=  -nNa  dx  (1.8) 

Integrating  Eq .  (1.8)  we  obtain 


N  = 

■nt  —■  a  nx  *  -m  r\  \ 

NQe  (1.9) 

A  knowledge  of  Nq, 

and  the  value  of  N,  the  unreacted  component 

after  the  beam  has 

travelled  a  distance  x  through  a  gas  of 

concentration  n  particles/cc  will  yield  a  value  for  the 

2 

collision  cross  section  in  cm  /target  atom  or  molecule.  If 


incident  particles 

of  unit  charge  are  used,  then  we  can  substi 

tute  currents  into 

Eq.  (1.9)  to  give 

i  = 
P 

. o  _anx  / i  i a \ 

=  i  e  (1.10) 

P 

where  i  is  considered  to  be  the  primary  (incident)  ion  beam 
P 

current  after  traversing  a  distance  x,  and  i°  is  the  initial 

P 

incident  beam  current  at  x  =  o. 


If  ionization 

is  being  measured  then 

.  o 

i  = 
P 

=  i  +  i  (1.11) 

P  s 

where  i  is  the  ion  current  produced  due  to  the  target  ioni- 
s 

zation.  Therefore  upon  substitution  of  Eq.  (1.11)  into 
Eq.  (1.10)  we  obtain 


i 

s 

i 

P 

=  eanx  -1  (1.12) 

and  a  = 

=  ±±±±± - ^2-tp—  (1.13) 

nx 

. 
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If  i  /i  <0.05, 
s  P  “ 


to  be 


then  Eq. 


(1.13)  can  be  approximated 


i 

s 


i  nx 
P 


(1.14) 


with  an  error  of  only  2%  for  i  /i  =  .05. 

s  p 

1 . 3  Measurement  of  Inelastic  Collision  Cross  Sections 
Most  experimental  studies  of  ionization  and  charge 
transfer  by  high  velocity  ions  include  the  total  collection 

of  the  slow  ions  and/or  electrons  produced  when  the  primary 

1  2 

beam  traverses  a  "thin"  gas  target,  '  (i.e.  low  gas  concen¬ 

tration)  .  The  method  that  has  commonly  been  used  is  the 
"condenser"  method  in  which  saturation  currents  of  positive 
ions  or  electrons  produced  are  collected  on  two  parallel 
plates  by  use  of  appropriate  potentials.  The  incident  ion 

beam  will  be  essentially  undeflected  by  these  potentials  un¬ 
effective 

less  it  is  of  very  low  energy.  Thef\length  of  the  condenser 
electrode  defines  x  in  equation  (1.14). 

These  measurements  are  usually  conducted  at  "thin 

-5  -3 

target"  conditions  (about  10  to  10  torr) .  At  these 
pressures,  when  x  is  not  too  large,  the  incident  beam  remains 
essentially  unattenuated  over  the  whole  path  length  x,  since 
the  probability  is  small  that  an  incident  ion  will  undergo 
even  one  collision  in  traversing  the  gas  target  region.  In 
this  case  Eq.  (1.14)  accurately  applies. 

For  primary  ions  which  consist  of  a  bare  nucleus  as  protons  and 
deuterons,  three  apparent  cross  sections  can  usually  be  deter¬ 
mined:  (1)  the  cross  section  for  production  of  slow  positive 


' 

3-o:  a.?  V,,:  .3.  )  a  "  *».?*vn*  meed 


'iorye'  f 


w  u  -  - 


' 


I 

nX  .noipo^  e*e  drii  ni  noial .  oo  an-  j  ^ 

- 


vl^iaoa  v.o!a  lo  aoiiowbo^q  's  -  rrotio^a  t  o  id 


5 


ions  a+/which  will  include  contributions  from  processes 
(1.1)  to  (1.4)  and  also  (1.6)  and  (1.7).  Since  multiply 
charged  ions  may  be  produced  and  collected,  the  measured 
cross  section  is  really  the  weighted  sum 

o+  =  q+  +  2q++  +  3q3+*.  ..  (1.15) 

n+ 

where  q  is  the  sum  of  the  cross  sections  for  all  events 
involving  ejection  of  n  electrons  from  a  target  molecule. 

(2)  The  cross  section  for  production  of  slow  electrons  a-, 
which  will  include  contributions  from  processes  (1.3),  (1.4) 

and  (1.7)  if  no  stripping  of  the  incident  ions  is  involved. 
This  apparent  cross  section  is  in  fact  equal  to  the  cross 
section  for  ionization,  since  only  electrons  from  ionizing 
events  are  measured.  The  probability  of  negative  ion  for¬ 
mation  as  in  Eq.  (1.2)  is  usually  very  small.  The  cross 
section  a_  will  also  be  a  weighted  sum  of  the  type  in  Eq . 
(1.15).  Under  thin  target  conditions,  an  inappreciable  number 
of  secondary  electrons  are  usually  produced  in  the  gas  by 
electrons  ejected  from  the  projectile  or  target.  (3)  The 
charge  transfer  cross  section  a  ,  which  will  include  contri- 
butions  from  processes  (1.1),  (1.2),  (1.4)  and  (1.6),  may 

be  evaluated  from  the  equation 

a  =a,-o  (1.16) 

c  +  - 

These  three  cross  sections  could  not  be  so  readily  separated 
if  stripping  of  incident  ions,  process  (1.5),  occurred. 

For  molecular  targets,  it  may  be  noted  that  ,  the  indivi¬ 
dual  cross  sections,  a  +  '  s,  for  all  the  various  slow  ion 
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fragments  produced  could  be  evaluated  by  mass  spectrometric 

analysis,  assuming  all  slow  ions  from  the  target  molecules 

with  equal 

are  extracted  and  mass  analysedAef f icienty.  The  separate 

assessment  of  contributions  due  to  charge  transfer  and  pure 
ionization,  however,  cannot  be  made  if  both  processes  are 
occurring . 


1 . 4  General  Description  of  Ionization  and  Charge  Transfer 

1  —  4 

by  High  Velocity  Atomic  Ions. 

A.  Ion izat ion 

A  fast  atomic  ion  in  passing  through  a  gas  makes 
ionizing  collisions,  loses  little  energy  and  is  scattered 
through  only  small  angles.  The  ions  produced  (from  the  target 
species)  are  scattered  at  nearly  90°  to  the  projectile  beam 
and  will  normally  receive  only  very  small  "knock  on"  kinetic 
energy.  In  a  very  small  fraction  of  the  collisions,  ions  pro- 

'I 

duced  may  receive  up  to  the  full  kinetic  energy  of  the  projec¬ 
tile,  with  the  latter  being  scattered  through  a  large  angle. 

The  cross  sections  for  ionization  by  atomic  particles 
behave  analogously  to  cross  sections  for  electron  impact  ioni¬ 
zation  in  that  they  increase  to  a  maximum  with  increasing 
impact  energy,  whence  the  cross  section  then  falls  off  at  suf¬ 
ficiently  high  energies.  Ionization  of  atoms  by  atomic  parti¬ 
cles  can  take  place  even  at  tens  of  ev,  where  the  energy 


threshold  is  given  by 


(m^  +  m2) 


E 


(1.17) 


min 


m. 
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where  and  m2  are  the  masses  of  the  incoming  and  target 
particles,  and  is  the  ionization  potential  of  the  target 
atom.  This  minimum  energy  E  .  would  only  be  twice  the  ioni- 
zation  potential  of  a  hydrogen  atom  for  ionization  of  a 
hydrogen  atom  by  protons. 

For  simple  systems  involving  atomic  and  diatomic  molecule 

targets  that  have  been  studied,  the  cross  section  peaks  in 

2 

the  20  to  100  kev  region.  In  general,  simple  ionization  by 
atomic  particles  is  not  important  at  energies  below  a  few  kev 
since  the  cross  section  here  is  usually  at  least  3  orders  of 
magnitude  smaller  than  at  its  maximum.  Above  the  maximum,  the 
cross  section  gradually  decreases  with  increasing  projectile 
energy  but  remains  sizeable  up  to  about  1  Mev.  This  wide 
energy  range  spanned  in  considering  ionizing  collisions  of 
atomic  particles  is  in  contrast  to  that  for  electron  impact. 
The  electron  impact  ionization  cross  section  rises  from  zero 
at  the  appearance  potential  of  the  target  and  then  rapidly 
rises  to  a  peak  value  near  100  ev.  The  cross  section  then 
monotonically  decreases  with  increasing  electron  energy  so 
that  at  3000  ev  the  values  are  less  than  one-tenth  the  maxi¬ 
mum  value. 

As  will  be  shown  later  (see  Sec.  1.5),  the  velocity  of 
the  incident  particle  is  an  important  parameter  in  considering 

ionization  by  various  media.  The  classical  Thomson  theory 

5 

of  ionization  predicts  that  electrons  and  protons  of  equal 
velocity  on  a  given  target  should  have  the  same  cross  section 
for  ionization.  The  same  prediction  is  made  by  quantum  theory, 


' 
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but  with  the  important  qualification  that  the  comparison  is 

valid  only  if  the  projectile  velocities  are  high,  so  that 

3 

the  Born  approximation  may  be  applied.  This  will  be  discussed 
more  fully  in  Sec.  1.5. 

A  qualitative  explanation  may  be  given  for  the  fact  that 
ionization  cross  sections  by  fast  atomic  projectiles  reach 
their  maxima  at  such  high  energies  compared  to  electron  impact. 
At  impact  energies  well  below  the  peak  energy,  the  relative 
velocity  of  the  colliding  particles  is  small  compared  to  the 
velocity  of  the  orbital  electrons  in  the  target  atom.  There¬ 
fore  the  cross  section  is  small  because  the  orbital  electrons 
have  sufficient  time  to  adjust  adiabatically  to  the  slowly 
changing  perturbation.  At  energies  far  above  the  peak  (of  the 
cross  section  curve)  the  interaction  is  of  such  short  duration 
that  electron  ejection  is  improbable.  The  maxima  for  both 
heavy  particle  and  electron  impact  are  dependent  on  the  velocity 
of  the  projectile  and  generally  the  ionization  cross  section 
maxima  by  various  ionizing  charged  projectiles  occur  at  velo- 

g 

cities  of  about  5  x  10  cm/sec. 

B .  Charge  Transfer 

In  general,  as  for  ionization,  charge  transfer 

3,  4 

has  been  studied  mostly  for  atoms.  In  the  single  charge 
transfer  process,  Eq.  (1.1),  one  electron  and  very  little 
kinetic  energy  is  transferred  from  the  target  atom  to  the  pro¬ 
jectile  ion.  The  collision  is  a  glancing  one,  taking  place  at 
comparatively  large  impact  parameters  (the  interaction  distance 
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between  projectile  and  target),  except  at  very  high  energies. 
The  product  ion  is  scattered  nearly  perpendicularly  to  the 
projectile  path. 

Qne  can  distinguish  between  symmetrical  resonance  charge 
transfer  reaction 

A+  +  A  -+  A  +  A+  (1.18) 


and  the  more  general  asymmetric  reaction  as  given  by  Eq . 

(1.1)' 


A  +  B 


A  +  B  +  AE 


(1.1) 


Here  AE,  which  represents  the  energy  change  in  the  electronic 

i 

transition  (1.1)  is  called  the  energy  defect  of  the  reaction. 
For  atoms,  AE  =  I.P.  (A)  -  I.P.(B),  where  I.P.  is  the  ioni¬ 

zation  potential  of  the  atom.  The  energy  defect  is,  of  course, 

6 

zero  for  resonance  charge  transfer.  According  to  Massey  the 
cross  section  for  charge  transfer  at  very  low  relative  velo¬ 
cities  of  approach  will  be  extremely  small  unless  AE  is  small. 

The  energy  dependence  of  the  charge  transfer  cross  section  can 

3 

be  considered  in  terms  of  Massey's  adiabatic  hypothesis  .  At 
low  velocities  between  the  colliding  particles,  the  pertur¬ 
bation  of  the  neutral  particle  by  the  passing  ion  changes  suf¬ 
ficiently  slowly  so  that  no  electronic  transition  between  the 
particles  occurs.  Therefore,  the  value  for  the  cross  section 

*  9 

will  be  small.  The  adiabatic  region  of  velocities  is  that 
range  in  which  the  time  of  electronic  transition,  h  (h  is 

TaIT 

Planck's  constant)  is  much  smaller  than  the  time  of  collision 
— ,  where  v  is  the  velocity  of  the  projectile  and  a  is  the 


nox^oeev 
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"adiabatic  parameter"  which  is  a  distance  of  the  order  of 
atomic  dimensions  over  which  the  charge  transfer  is  deemed 
possible.  Therefore  the  inequality 


v  <  * 


a  |  AE 
h 


(1.19) 


marks  the  adiabatic  region.  When  the  time*  of  collision 
becomes  comparable  with  the  time  of  the  electronic  tran¬ 
sition,  i.e.  when 

v  =  a | AE | /h  (1.20) 

the  charge  transfer  cross  section  is  a  maximum.  This  marks 

the  end  of  the  adiabatic  region.  This  criterion  has  been 

l 

found  to  be  valid  for  collisions  of  protons  (and  similar 
light  projectiles)  with  atoms.  'After-  tne  cross  section  maxi¬ 
mum  is  reached,  the  cross  section  will  decrease  with  increas¬ 
ing  kinetic  energy,  since  the  interaction  time  ultimately 
becomes  too  short  for  the  transition  to  be  likely  . 

The  energy  defect  can  be  exothermic  or  endothermic. 

There  will  be  an  energy  threshold  for  endothermic  charge  trans- 

7 

fer  below  which  the  cross  section  is  zero.  Tal'roze  has 
shown  experimentally  that  this  threshold  is  practically  similar 
to  that  calculated  from  conservation  of  energy  and  momentum. 

For  symmetrical  resonance  charge  transfer,  Eq.  (1.18),  the 
maximum  cross  section  will  occur  at  zero  velocity. 

The  charge  transfer  cross  section  has  been  found  to  fall 

off  much  more  rapidly  at  high  energies  past  the  maximum  cross 

l 

section  than  do  the  ionization  cross  sections  .  In  certain 
very  simple  cases  (eg.  the  collisions  H+  with  H2  etc.),  the 
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charge  transfer  cross  section  is  found  to  fall  off  as 
—x 

a  v  where  x  =  4  to  10.  For  ionization  the  cross  section 

-2 

fallsoff  only  as  a  «  v  In  v. 

Charge  transfer  cross  section  data  on  molecules  more 
complicated  than  or  CO  are  almost  nonexistent  for  medium 

7 

and  high  ion  velocities,  i.e.  for  v  >  10  cm/sec  (corres¬ 
ponds  to  proton  energies  greater  than  1  kev) .  With  regard  to 
the  fragmentation  pattern  induced  by  charge  transfer  of  mole¬ 
cules  with  high  velocity  particles,  there  is  an  absolute  lack 
of  theoretical  and  experimental  information.  Charge  transfer 
to  polyatomic  molecules  is  a  case  in  which  "accidental" 
resonance  is  nearly  always  present.  This  is  because  the 
molecular  ions  of  polyatomic  molecules  have  a  very  large  number 
of  excited  states  and  near  resonance  can  be  obtained  as  long  as  the 
recombination  energy  (R.  E.)*of  the  incident  ion  is  higher  than 
that  of  the  molecule.  Considerable  studies  of  charge  transfer 

7 

to  molecules  at  low  projectile  velocities  (v  <  10  cm/sec) , 

8  9 

have  been  done  by  Lindholm  and  others.  At  these  velocities 
the  ionization  cross  sections  are  very  small  and  charge  trans¬ 
fer  is  dominant.  It  is  found  that  the  fragmentation  pattern 
depends  on  the  nature  of  the  projectile  only  through  its 
recombination  energy  (R.E.),  i.e.  through  the  excitation 
energy  deposited  in  the  charge  acceptor.  Ionic  breakdown  dia¬ 
grams  for  a  number  of  molecules  have  been  constructed  with  the 
use  of  projectiles  with  different  R.E.'s.  It  is  generally 
observed  that  a  given  fragment  R^  +  from  the  molecule 

produced  in  maximum  abundance  when  the  R.E.  of  the  projectile 

*  R.E.  of  incident  ion  P  for  the  process  P++S-W,*>£equa Is  I.P.^p)_Ex; 
where  E  is  the  excitation  of  P*  over  the  ground  state  of  P  . 
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is  about  1  to  1.5  ev  higher  than  the  energy  required  for  the 
fragmentation  leading  to  R  ,  i.e.  higher  than  A^(R  ).  The 
question  as  to  what  happens  to  the  charge  transfer  mass  spec¬ 
trum  when  the  velocity  of  the  projectile  is  increased  does  not 
seem  to  have  been  considered. 

1 . 5  The  Bethe-Born  Approximation 

Ionization  cross  sections  cannot  be  calculated  exactly 
for  a  complete  energy  range,  even  for  a  simple  system  such  as 
a  proton  incident  upon  a  hydrogen  atom.  Basically,  this  is 
because  of  the  extreme  difficulty  in  solving  the  time-dependent 
Schrodinger  wave  equation  for  the  system  of  colliding  particles. 
Therefore  more  approximate  methods  based  on  the  time-independent 

wave  equation  have  been  used.  One  of  the  most  useful  methods 

3  >  6 

is  the  Born  approximation  which  is  valid  for  high  impact 
velocities.  The  basic  assumption  of  the  Born  approximation  is 
that  there  is  little  interaction  between  the  projectile  and 
the  target.  The  following  specific  assumptions  can  then  be 
made:  (1)  the  projectiles  may  be  represented  by  a  plane  wave 
since  the  incident  wave  is  undistorted  by  the  interaction,  (2) 
excitation  to  any  final  state  comes  only  as  the  result  of  a 
direct  transition  from  the  initial  state,  (3)  distortion  of  the 
wave  of  the  scattered  projectile  may  be  neglected  since  the 
potential  energy  of  the  interaction  between  the  scattered  pro¬ 
jectile  and  the  target  in  its  final  state  is  small.  Even  with 
these  assumptions,  extremely  difficult  calculations  remain, 

and  in  fact  the  results  cannot  be  obtained  in  closed  analytical 

3  1  0 

form.  A  further  approximation  of  Bethe  ' 


has  been  used  to 
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simplify  somewhat  the  mathematics  involved.  Bethe  obtained 
an  equation  for  the  general  cross  section  a  for  the  ejection 
into  the  continuum  of  a  single  electron  from  the  n,l  shell  of 
the  target  atom  by  a  point  charge  ion  of  charge  +ZQ  to  be 


2  4  2 

2  tt  Z  e  c  z  2m  v 

n  l  n  £  In  e  o 


nil 


(1.21) 


m  v 
e  o 


nil 


nil 


where  Z  and  vq  are  the  charge  and  velocity  of  the  projectile, 

m  and  e  are  the  mass  and  charge  of  the  electron,  c  is  the 
e  ^  n  j 


dipole  matrix  element  for  the  electronic  transition,  c 


n£ 


is 


an  energy  of  the  order  of  | E 


„i,  Z  „  is  the  number  of  electrons 

m1  m 


in  the  n,£  shell  and  |E  |  is  the  ionization  energy  of  this 
shell.  An  identical  expression  can  be  written  for  the  electron 
impact  ionization  cross  section  for  ejection  of  a  single  elec¬ 
tron  from  the  outer  shell  of  this  atom. 

It  is  readily  seen  that  only  the  charge  and  velocity  of 
the  projectile  is  explicitly  introduced  into  Eq.  (1.21).  Thus 

for  projectiles  of  the  same  velocity  the  individuality  of  the 

2  ... 

impacting  particle  is  only  indicated  by  Z  .  The  ionization 
cross  section  for  a  proton  and  electron  of  identical  velocities 
should  be  identical. 

if  IO  I  /  13 

It  has  been  shown  theoretically  '  7  and  experimentally  that  the 
Born-Bethe  approximation  holds  for  impacting  particles  of 
velocities  four  times  that  of  the  Bohr  velocity,  which  is  2.2  x 

o 

10  cm/sec.  This  would  correspond  to  400  kev  protons  and  220 
ev  electrons.  The  deductions  that  may  be  made  from  the  Bethe 

equation  apply  only  for  simple  ionization  (no  charge  transfer) 

*  The  Bohr  velocity,  which  is  defined  as  the  orbital  electron  velocity 
in  a  ground  state  hydrogen  atom  (in  the  Bohr  model)  is  equal  to 
2rre2/h,  where  the  symbols  have  been  defined  previously. 
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ana  for  point-charge  (i.e.  bare  nuclei)  projectiles. 

1  4 

Kebarle  and  Godbole  suggested  that  the  cross  section 
for  removal  of  a  given  electron  from  a  molecule  by  different 
charged  particles  of  the  same  velocity  should  be  the  same. 

It  might  be  expected  that  for  molecules,  therefore,  the  cross 
sections  for  removal  of  various  electrons  from  the  various 
molecular  orbitals,  and  thus  for  the  production  of  excited 
ions,  should  be  proportional  for  charged  particles  of  the 

1  5 

same  velocity.  Thus,  Kebarle  and  Godbole  and  later  Wexler 
have  proposed  that  the  mass  spectra  due  to  charged  particles 
such  as  electrons,  protons,  deuterons,  alpha  particles  etc. 
at  the  same  velocities,  should  be  very  similar  at  sufficiently 
high  projectile  velocities. 

Kebarle  and  Godbole  found  that  the  mass  spectra  obtained 
with  electrons  change  little  from  50  ev  to  30  kev  electron 
energies.  They  suggest  that  a  major  simplification,  at  least 
from  the  standpoint  of  radiation  chemistry,  may  be  introduced 
for  ionization  by  simple  charged  particles.  This  may  be 
stated  as  follows:  the  mass  spectral  fragmentation  patterns 
change  little  with  the  velocity  and  nature  of  the  charged 
impacting  particle  for  the  velocity  range  in  which  the  Bethe- 
Born  approximation  applies. 

1 . 6  Scope  of  Present  Project 
A.  Mass  Spectral  Studies 

Because  of  the  deductions  which  can  be  made  from  the 

Bethe-Born  approximation,  Sec.  1.5,  the  author  decided  to 

measure  the  mass  spectra  of  several  molecules  due  to  the  im- 
*  Takacs  and  Freeman-2'  found  that  the  electron  impact  mass  spectra  of 
hydrocarbons  were  essentially  invariant  for  incident  electron  veloci¬ 
ties  down  to  double  those  of  the  valence  electrons  in  the  molecules. 

1 


' 
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pact  of  40  to  100  kev  protons.  This  was  undertaken  partly 
with  the  intention  of  showing  the  independence  of  the  mass 
spectra,  and  therefore  the  ionic  fragmentation  process,  from 
the  nature  of  the  ionizing  particle. 

Before  this  work  was  completed,  three  other  investi- 

15-17 

gations  were  published  in  which  results  had  been  obtained 

15 

with  similar  intention.  Thus  Wexler  using  2.25  Mev  protons 
was  able  to  show  that  the  mass  spectra  from  a  number  of  hydro¬ 
carbons  show  only  small  deviations  from  the  mass  spectra  ob¬ 
tained  with  electrons  of  the  same  velocity.  Ke  found  that  in 
general  the  protons  gave  lower  yields  of  high  appearance 

potential  fragment  ions  than  did  the  electrons  of  the  same 

1  6 

energy.  The  overall  conclusions  in  Schuler's  work,  in  which 

a  similar  proton  energy  was  used,  were  the  same,  although  in 

many  cases  it  was  found  that  the  protons  gave  increased  frag- 

.  ,  17 

mentations  than  did  electrons  of  the  same  velocity.  Abbe's 

experiments  extended  the  energy  range  downward  from  1200  to 

1  8 

200  kev.  Very  recently  Rudolph  and  Melton  carried  out 
another  comparative  study  using  2.2  Mev  alpha  particles  and  elec¬ 
trons  of  the  same  velocity  as  the  alpha  particles.  Similar 
conclusions  could  be  made  from  their  study  as  in  those  of 
Wexler  and  Schuler  and  Stuber.  The  present  work  covering  the 
range  100  to  40  kev  is  complementary  to  these  studies  and 
gives  mass  spectra  in  a  range  where  the  Born  approximation 
begins  to  fail. 

The  range  of  proton  energies  below  100  kev  is  also  of 
special  interest,  because  charge  transfer  from  the  proton  to 


. 
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the  molecules  becomes  an  important  process.  As  mentioned 
previously,  no  studies  of  ionic  fragmentations  due  to  charge 
transfer  have  been  made  above  2  kev  ion  energy.  Therefore, 
the  question  as  to  what  happens  to  the  charge  transfer  mass 
spectrum  when  the  velocity  of  the  projectile  is  increased 
does  not  seem  to  have  been  considered.  This  is,  however,  a 
question  of  practical  and  theoretical  importance.  The  mass 
spectrum,  after  all,  is  a  fingerprint  of  the  internal  energy 
imparted  to  the  charge  accepting  molecule. 

B.  Ionization  Cross  Section  Studies 

The  studies  of  ionization  cross  sections  of  10  to 

200  kev  protons  have  only  been  done  for  certain  atoms  and 

1-3 

diatomic  molecues.  Measurements  for  more  complex  molecules 

are  needed,  however,  since  such  data  are  required  by  a  number 

1  9 

of  fields  under  investigation  such  as  plasma  physics  , 

l 

physics  of  the  ionosphere  ,  radiation  chemistry  and  astro¬ 
physics.  Because  of  this,  ionization  cross  sections  were 
measured  for  several  hydrocarbons  with  40  to  100  kev  protons. 
Charge  transfer  cross  sections  were  also  obtained  in  this 
energy  range.  The  relative  ionization  cross  sections  for 
some  paraffins,  olefins,  acetylenes,  chloroalkanes  and  benzene 

with  100  kev  protons  were  also  measured.  After  this  research 

2  0 

was  completed,  a  study  appeared  recently  with  ionization 
cross  section  measurements  for  a  few  simple  hydrocarbons  with 
30  to  100  kev  protons.  These  results  will  be  mentioned  in  the 
discussion  of  results. 
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PART  II.  ION  -  MOLECULE  REACTIONS  IN  GASES 

The  mass  spectrometer  and  associated  apparatus  in  the 
present  study  was  designed  with  the  intention  of  also  doing 
studies  at  more  elevated  ion  source  pressures. 

1 . 7  Processes  Occurring  at  Elevated  Ion  Source  Pressures 

In  primary  ionization  processes  previously  considered 

(Part  I  of  this  Chapter) ,  an  ion  formed  in  the  mass  spectro- 

-5 

meter  ion  source  at  low  gas  pressure  (10  torr) ,  will  under¬ 
go  essentially  no  collisions  with  neutral  gas  molecules  before 
leaving  the  ion  source.  As  the  pressure  is  increased  the 
probability  that  an  ion  will  undergo  collisions  with  unionized 
gas  molecules  is  increased.  In  Fig.  1.1  a  schematic  diagram 
of  a  typical  mass  spectrometer  ion  source  is  shown  to  help  us 
visualize  the  phenomena  occurring  as  gas  pressure  is  increased. 
The  ionizing  beam  of  energetic  electrons,  protons,  etc.,  which 
is  usually  pre-collimated ,  is  directed  between,  and  parallel 
with,  the  repeller  plate  and  the  ion  source  exit  slit.  The 
primary  ions  formed  in  the  track  of  the  ionizing  beam  are  im¬ 
pelled  downward  by  the  positive  (with  respect  to  ion  box  and 
exit  slit)  potential,  and  will  collide  with  the  unionized 
molecules  if  the  gas  pressure  is  sufficient.  The  primary  and 
secondary  ions  exit  from  the  ion  source  and  are  further  accel¬ 
erated  and  mass  analysed  as  in  conVent ionalvork  at  low  Pressures. 

-5 

Now  at  a  pressure  of  10  torr  the  mean  free  path,  A,  of 
a  typical  small  mass  ion  will  be  about  1000  cm.  The  number  of 
collisions  a  primary  ion  undergoes  in  the  distance  £  (the 
distance  from  central  plane  of  ionizing  beam  to  the  ion  source 
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FIGURE  1.1 
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exit  slit)  will  be  approximately  equal  to  £ /A  .  At  10~ 
torr  this  would  correspond  to  5  x  10~4  collisions  for  a 
typical  £=0.5  cm.  At  one  millitorr  £/A  will  be  0.05 
collisions  and  at  1  torr  about  50  collisions  could  occur. 

Thus  as  pressures  are  raised,  it  can  be  seen  that  collisions 
of  secondary  ions  with  molecules  to  form  tertiary  product 
ions  can  occur.  Even  at  one  millitorr  gas  pressure  some 
secondary  ions  due  to  ion-molecule  reactions  should  occur, 
if  many  of  the  collisions  result  in  reactions. 

This  method  of  forming  primary  ions  directly  in  the 
ion  source  and  allowing  them  to  react  further  with  neutral 
molecules  has  been  called  the  internal  ionization  method. 

Another  method,  which  is  more  difficult  experimentally,  is  to 

use  a  collimated  primary  ion  beam  in  place  of  the  ionizing 

7 

beam.  This  is  known  as  the  external  ionization  method  , 
since  the  primary  reactant  ions  are  generated  separately  and 
are  then  directed  into  the  ion  source  or  reaction  chamber. 

The  internal  ionization  method  was  used  in  the  present  study. 

1 . 8  Ion-Molecule  Reaction  Cross  Sections  and  Rate  Constants 
The  importance  of  ion-molecule  reactions  in  the  gas 
phase  under  conditions  when  ions  are  formed  such  as  gas  phase 
radiolysis  was  not  recognized  until  the  1950's.  With  the  start 

of  systematic  mass  spectrometric  studies  of  these  reactions  by 

2  1  2  2. 

Tal'roze  and  Stevenson  and  Schissler  it  was  shown,  especially 

by  Stevenson  et  al*,  that  these  reactions  can  proceed  with 

extraordinarily  nigh  rates.  The  high  bimolecular  rate  constants 

-9  -1  -1 

determined  (typically  10  cc  molecule  sec  ) ,  showed  that 
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these  ion-molecule  reactions  must  be  proceeding  with  a  high 

efficiency,  possibly  with  reaction  upon  every  collision.  The 

reaction  cross  sections  Q,  of  known  ion  molecule  processes  are 

—  1 3  —  1 8  2 

within  the  range  of  10  to  10  cm  and  reaction  rate 

constants  k*  s,  determined  at  temperatures  of  400  to  500°K 

-9  -13 

are  within  10  to  10  cc/molecule-sec .  Consequently,  the 
upper  limits  of  observed  Q  and  k  values  are  about  one  to  two 
orders  of  magnitude  higher  than  the  usual  gas  kinetic  values 
for  bimolecular  processes. 

The  phenomenological  or  macroscopic  cross  section  Q, 
for  the  reaction  of  a  primary  ion  P+  with  molecules  M  to 
form  a  secondary  ion  S+  as  in  the  reaction 

P+  +  M  -*  [PM] +  S+  +  N  (1.22) 


can  be  determined.  The  primary  ion  intensity,  i  ,  will  be 

P 

attenuated  due  to  reaction  to  form  secondary  ions  as  the 
primary  ions,  under  the  influence  of  the  positive  repeller 
field,  move  toward  the  exit  slit,  as  given  by 


.o  -£nQ 
l  =  l  e 

P  P 


(1.23) 


where  i°  is  the  initial  primary  ion  intensity,  l  is  the 

distance  from  plane  of  ionization  to  exit  slit,  (see  Fig.  1.1), 

and  n  is  the  number  of  gas  molecules/cc  in  the  ion  source. 

small 

At  low  ion  source  pressures  where  i° -ip  is  veryA  Eq.  (1.23) 

P 

can  be  approximated  to  give 

Q  =  ,  -S-  (1.24) 

i  n£ 

P 
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where  i  is  the  primary  ion  intensity.  Equation  (1.24)  is  valid  when 
the  gas  concentration  is  sufficiently  low  that  few  of  the  primary  ions 

can  react,  and  those  that  do  can  interact  only  once. 

2  3 

Gioumousis  and  Stevenson  rederived  the  microscopic  re- 

2  4 

action  cross  section  a  ,  based  on  Langevin's  classical  con- 

9 

siderations  of  the  ion-molecule  reaction  taking  place  through 
a  polarization  interaction  model,  to  be 


a  = 

g 


2 Tre  1  ^  a_j  H 


u 


(1.25) 


where  e  is  the  charge  of  the  electron,  g  is  the  relative 
velocity  of  the  reactant  ion-molecule  pair (and  is  equal  to 
the  primary  ion  velocity  when  the  ion  velocity  is  higher  than 
thermal  velocities^),  a  is  the  polarizability  of  the  neutral 
molecule  and  y  is  the  reduced  mass  of  the  ion-molecule  pair. 
These  workers  were  also  able  to  derive  an  expression  for  the 
phenomenological  cross  section  Q,  by  assuming  that  the  ion 
velocity  v  is  larger  than  thermal,  i.e.  the  ion  velocity  is 
much  greater  than  the  neutral  molecule  velocity.  Now  v  may 
be  readily  calculated  for  electrostatic  considerations  to  be 


v  = 


eE  ill  h 

r  1 

2m 


(1.26) 


where  E  is  the  repeller  field  strength  in  the  mass  spectro¬ 
meter  ion  source  and  m  is  the  mass  of  the  primary  ion* 

r 

Equating  v  with  g  and  inserting  Eq.  (1.26)  into  (1,25)  they 
obtained 


Q  -  2 Tre  (4)  * 
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(1.27) 


This  equation  predicts  that  the  cross  section  Q  is  proportional 


to  (Er£) 


-*s 


and  this  has  been  found  to  be  true  for 


several  but  not  all  ion  molecule  reactions  .2  5  Equation  (1.27) 
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is  not  expected  to  be  valid  at  near  thermal  ion  velocities. 


2  3 


Gioumousis  and  Stevenson  were  also  able  to  derive  a 
theoretical  rate  constant  k  for  ion-molecule  reactions  such 
as  reaction  (1.22)  to  be 


k,  =  2 tt e  ( — )  ^ 
t  u 


(1.28) 


which  is  independent  of  repeller  field  strength. 

This  specific  reaction  rate  k  can  be  related  to  the 
phenomenological  cross  section  Q  by  a  comparison  of  Lqs. 


(1.27)  and  (1.28)  and  is  given  by 

/ e  V 

\  2mP 

It  can  readily  be  noted  that 


(1.29) 


k  =  Qv 


(1.30) 


or  that 


kt  =  Qi 


(1.31) 


where  t  is  the  ionic  residence  time  and  is  equal  to  £/v. 

The  derivation  of  Eqs .  (1.25)  and  (1.28)  assumes  that 

reaction  occurs  on  every  collision.  This  has  been  shown  to  be 

2  5 

true  for  many  ion  molecule  reactions.  These  observed 

reactions  also  have  no  temperature  coefficient,  i.e.  Q  and 

2  5 

k  are  independent  of  temperature.  In  order  for  a 

secondary  ion  S+  to  be  detected  at  conventional  ion  source 
pressures  (e.g.  up  to  a  few  torr)  it  is  necessary  that  the 
rate  of  reaction  be  within  a  few  orders  of  magnitude  of 
the  collision  frequency.  To  an  accuracy  of  about  5  kcal/mole 
it  can  be  shown  that  a  necessary  condition  for  the  observability 
of  a  secondary  reaction  in  a  mass  spectrometer  is  that  the 


. 
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2  5 

reaction  must  not  be  endothermic.  For  example,  an  acti¬ 
vation  energy  of  5  kcal/mole  at  conventional  ion  source 

temperatures  of  about  200°C  would  indicate  a  collision  effi- 

-3  -3 

ciency  of  about  10  .  Collision  efficiences  lower  than  10 

would  render  the  reaction  unobservable  even  at  ion  source 
pressures  of  a  few  torr. 

1 . 9  The  Trend  Toward  Increased  Pressures  in  Ion- 
Molecule  Reactions 

Until  the  mid-1950's  ion  molecule  reactions  were 
not  studied  at  pressures  higher  than  about  10  millitorr. 

With  the  advent  of  good  differential  pumping  between  the  ion 
source  and  analyzer  regions  and  the  use  of  larger  (and  faster 

pumping  speed)  pumps  the  pressures  studied  were  gradually 

2  6 

elevated.  Thus,  in  1958  Saporoschenko  was  able  to  study 

ion-molecule  reactions  in  nitrogen  at  pressure  up  to  0.2 

27  28  29 

torr.  Melton  ,  Field  and  Wexler  studied  ion-molecule 
reactions  in  some  hydrocarbons  at  ion  sources  pressures  up  to 
0.3  torr.  With  the  thought  in  mind  that  mass  spectrometric 
studies  of  ion-molecule  reactions  can  be  correlated  with  gas 
phase  radiolysis  studies,  ion  source  pressures  have  been  in¬ 
creased  so  that  ionic  reactions  at  essentially  atmospheric 

3  0 

pressure  can  be  studied  in  the  mass  spectrometer. 

Some  of  the  reasons  why  mass  spectrometric  studies  of  ion- 
molecule  reactions  in  the  gas  phase  have  been  conducted  at 
ever  increasing  pressures  can  be  summarized  as  follows.  As 
mentioned,  at  intermediate  ion  source  pressures  (1  to  100 

can  be  provided  on  the  reactivity  of 


millitorr)  information 
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ions  in  bimolecular  reactions.  Studies  at  higher  pressures 
can  provide  information  on  high  order,  consecutive  ion- 
molecule  reactions.  It  is  also  necessary  to  check  the  ion- 
molecule  reaction  rate  constants  which  might  be  affected  by 
cluster  formation.  At  higher  pressures  other  interesting 
points  could  be  collisional  deactivation  of 

excited  ions  and  excited  ion-molecule  reactions  not  observed 
at  lower  pressure  because  of  decomposition  of  the  ion  in 
the  relatively  long  time  between  collisions.  Information 
must  be  obtained  on  these  points  before  correlations  with 
conventional  gas  phase  radiolytic  studies  at  near  atmospheric 
pressure  become  really  meaningful. 

At  higher  pressures  (above  1  torr) ,  electron  beams  of 

conventional  energies  (70  -  200  ev)  have  too  low  a  pene- 

3  0 

trating  power.  Kebarle  and  coworkers  use  5  Mev  alpha  parti¬ 
cles  in  the  near  atmospheric  mass  spectrometer.  The  ion  source 
of  this  mass  spectrometer  is  different  from  the  conventional 
one  described  earlier,  in  that  ions  are  sampled  from  the  high 
pressure  region  through  a  pinhole  or  series  of  pinholes  with¬ 
out  aid  of  a  repeller  field  in  the  ion  source. 

1.10  Scope  of  the  Present  Study 

A.  Advantages  of  a  100  kev  proton  beam  compared 

to  other  ionizing  media. 

The  vast  majority  of  mass  spectrometric  studies 
at  elevated  source  pressures  have  involved  the  use  of  an 
electron  beam  (emitted  from  a  heated  filament  and  accelerated 
by  electric  fields)  to  provide  the  initial  or  primary  ions. 
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The  penetrating  power  of  electrons  is  not  sufficient  at 
pressures  of  about  1  torr  and  higher  to  provide  a  well- 
collimated  beam  of  well-defined  energy.  Even  when  the 
electron  energy  is  increased  above  the  conventional  energy 
of  70  ev,  attenuation  and  scattering  of  the  electron  beam 
by  the  high  gas  pressure  results.  There  are  also  instrumental 
difficulties,  due  to  the  pressure,  resulting  in  reduced  elec¬ 
tron  emission  and  burn-out  of  the  filament. 

In  ion  sources  using  an  electron  beam,  a  weak  magnetic 
field  of  'v  200  gauss  is  conventionally  used  to  provide  collima- 
tion  of  the  electron  beam  ,  but  mass  discrimination  of  the 
ions  sampled  from  the  ion  source  may  result.  Since  the  dis¬ 
tance  between  the  plane  of  ionization  and  exit  slit  of  the 
ion  source  chamber,  i ,  'is  an  important  parameter  for  calcu¬ 
lating  reaction  cross  sections. and  rate  constants,  the  distor- 
tion  of  the  electron  beam  by  the  repeller  field  may  give  an 
unreliable  value  for  this  distance.  .  Studies  with  electron 
beams  are  therefore  somewhat  limited  in  variation  of  repeller 
field  strength. 

The  alpha  particle  mass  spectrometer  of  Kebarle  and  co¬ 
workers  mentioned  earlier  suffers  from  lack  of  collimation  of 
the  alpha  particles,  thus  leading  to  somewhat  poorly  defined 
ionic  reaction  times. 

To  try  to  overcome  some  of  these  problems/  a  100  kev 
beam  of  protons  from  a  Cockcrof t-Walton  accelerator  was  used 
as  the  ionizing  radiation.  This  beam  is  of  sufficient  inten¬ 
sity  and  penetrating  power  that  higher  pressures  can  be  studied 
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with  ease  and  with  little  attenuation  or  scattering.  If 
desired,  very  high  repeller  fields  could  be  used  without 
influencing  beam  position.  No  mass  discrimination  due  to 
collimating  magnets  will  exist  since  none  are  used.  The 
source  is  also  at  room  temperature  in  contrast  to  the  electron- 
beam  sources  which  are  at  ^  200°C.  By  using  this  method  we 
could  possibly  show  if  the  results  obtained  by  the  conventional 
ionizing  media  were  influenced  by  some  artifacts  of  the  experi¬ 
mental  method.  These  studies  are  also  another  attempt  to 
partially  bridge  the  pressure  gap  in  order  to  approach  con¬ 
ditions  of  conventional  gas  phase  radiolytic  studies. 

B .  Systems  studied 

Ion-molecule  reactions  in  methane,  ethylene,  and 
ethylene-nitric  oxide  mixtures  at  pressures  over  2  torr  have 
been  studied  in  this  thesis.  Some  studies  of  hydration  or 
clustering  have  been  carried  out  for  water  vapor.  Competitive 
solvation  studies  between  methanol  and  water  in  the  gas  phase 
have  also  been  undertaken.  No  attempt  has  been  made  to  make 
an  exhaustive  and  comprehensive  study  of  all  five  systems 
mentioned.  Rather,  all  were  more  in  the  nature  of  exploratory 
studies  to  indicate  the  feasibility  of  using  this  new  type  of 
ionizing  medium  (100  kev  protons) ,  and  to  point  the  way  to 
further  experiments  along  these  lines. 

C .  References  to  previous  research 

All  previous  work  on  the  topics  mentioned  in  Subsection 
B.  have  been  omitted  here.  These  reference  will  be  found  in 
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the  introductions  in  Chapters  4,5,6  and  7  so  as  to  provide 
more  continuity. 

For  general  referral  to  the  subject  of  ion-molecule 

reactions  in  gases  there  are  several  fairly  recent  and  excel- 

7,25,31-33 

lent  reviews,  '  and  a  recent  and  extensive  biblio- 

3  4  \ 

graphy  (covering  the  period  January  1900  to  March  196 6J. 
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2.  EXPERIMENTAL 

The  apparatus  used  consisted  of  a  mass  spectrometer  which 
used  a  proton  beam  as  the  ionizing  medium.  The  various  parts  of  the 
apparatus  are  described  below. 

2. 1  Proton  Generator 

A.  Apparatus  description 

The  source  of  protons  was  a  100  kev  (variable  voltage) 

3  5 

Cockcroft -Walton  type  Texas  Nuclear  Corporation  (Austin,  Texas)  Model 
no.  100-lH  proton  accelerator.  This  particular  machine  was  a  prototype 
model  which  was  available  to  us  at  a  substantially  reduced  price.  Since 
the  proton  accelerator  was  a  prototype  it  will  be  described  in  some 
detail.  The  accelerator  beam  tube,  vacuum  system,  and  associated 
electrical  components  all  are  mounted  on  a  sturdy  steel  chassis  as 
shown  in  Fig.  2.1. 

The  proton  accelerator  consists  of  an  ion  source  where  the 

protons  are  generated  by  a  radio-frequency  (r-f)  discharge  in  hydrogen 

whence  the  beam  is 

gas.  The  protons  are  extracted,^  focused  and  accelerated  by  a  system 
of  electrodes.  The  accelerated  proton  beam  then  enters  the  mass 
spectrometer  housing  where,  after  collimation,  it  passes  through  the 
ion  source. 

The  vacuum  system  of  the  proton  accelerator  consists  of  a 
mechanical  forepump  which  backs  a  four-inch  diameter  oil  diffusion  pump. 
A  cold  water  baffle  and  liquid  nitrogen  cooled  cold  trap  are  mounted 
above  the  diffusion  pump.  An  extended  range  Phillips  type  (cold-cathode) 
vacuum  gage  is  located  near  the  cold  trap. 
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FIGURE  2.1 


The  Proton  Accelerator 


Main  features  of  the  100  kev  Texas  Nuclear 
Corporation  proton  accelerator  are  shown. 
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The  beam  accelerating  tube  is  bolted  directly  to  the  heavy 
aluminum  faceplate  and  consists  of  eleven  cylindrical  ceramic  rings 
bonded,  sandwich  style,  directly  to  the  disc  shaped  accelerating 
electrodes.  The  electrostatic  lens  assembly  is  situated  at  the  end  and 
the  ion  source  bottle  (inside  terminal  dome)  is  coupled  directly  to  it. 
These  two  components  will  be  described  more  fully  in  section  2.1(B).  On 
the  other  side  of  the  faceplate,  the  drift  tube  is  aligned  with  the 
accelerator  beam  tube  and  the  drift  tube  ultimately  connects  with  the 
mass  spectrometer. 

Electrically,  the  machine  consists  of  the  terminal  dome  charged 
to  100  kV  positive  potential  by  the  power  supply  with  a  divider  string 
of  twenty  10  megohm  resistors  tapped  off  every  other  one  to  provide 
10  kV  steps  of  potential  to  the  accelerating  beam  tube.  An  isolation 
transformer  situated  in  the  high  voltage  power  supply  provides  117 
volts  AC  terminal  power  for  operating  the  ion  source  power  supplies 
and  components  associated  with  the  accelerator  ion  source  (see  Fig.  2.2). 

The  ion  source  used  in  the  proton  accelerator  is  the  Oak 
Ridge3 6  type  which  produces  90%  protons  and  10%  H2 +  ions.  Two  small 
variable  high  voltage  supplies  of  0  to  10  kV  (negative)  for  the  focus 
electrode  (gap  lens)  and  0  to  5  kV  (positive)  for  the  extraction 
electrode  are  supplied  by  the  isolated  117  VAC  as  well  as  a  0  to  30V 
DC  power  supply  for  the  ion  source  solenoid  and  a  variable  AC  powerstat 
for  the  palladium  leak  heater.  Each  of  these  variable  controls  is 
operated  by  means  of  an  insulating  nylon  shaft  connected  to  control 
servo-mechanisms  on  the  main  frame.  Another  rod  operates  a  beam 
switch  controlling  power  to  the  radio-frequency  oscillator.  Controls 
for  each  of  these  functions  are  on  the  operators  console  as  well 
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FIGURE  2.2 


Schematic  View  of  the  Proton  Accelerator 


Protons  formed  in  the  ion  source  bottle  are 
extracted,  focussed  and  then  accelerated  by  100  kV. 
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as  the  control  panel  for  the  accelerating  high  voltage  power  supply. 

B.  Principles  of  operation 

Hydrogen  is  admitted  into  the  ion  source  bottle  (see  Fig.  2.3) 
through  the  heated  palladium  leak  whose  temperature  can  be  varied  thus 
varying  the  flow  of  hydrogen.  Since  the  heated  palladium  is  permeable 
only  to  hydrogen,  other  impurities  (if  any)  are  kept  from  the  ion 
source  bottle.  An  r-f  field  applied  to  the  two  excitor  rings  initially 
accelerates  stray  electrons  within  the  source  which  dissociate  and 
ionize  hydrogen.  Secondary  electrons  released  upon  ionization  of 
hydrogen  and  accelerated  by  the  r-f  field  start  a  steady  discharge  in 
the  hydrogen.  Since  the  hydrogen  is  mainly  dissociated  into  hydrogen 
atoms  which  are  then  ionized,  almost  all  the  ions  in  the  plasma  are 
protons.  The  power  (100  watts)  delivered  by  the  r-f  oscillator  main¬ 
tains  the  discharge  at  hydrogen  pressures  of  about  10  -  100  millitorr. 
The  solenoid  coil,  which  fits  around  the  base  of  the  pyrex  ion  bottle, 
produces  a  longitudinal  magnetic  field  thereby  restricting  the  electron 
paths  to  the  center  portion  of  the  ion  bottle  and  causing  the  electrons 
to  spiral.  The  ionization  density  is  therefore  increased  in  the 
central  longitudinal  part  of  the  ion  bottle.  The  protons  formed  in 
the  discharge  are  forced  toward  the  exit  canal  by  the  positive 
(with  respect  to  the  ion  source  aluminum  base)  potential  of  the 
extraction  electrode.  The  quartz  sleeve  surrounding  the  exit  canal 
becomes  positively  charged  and  acts  as  an  electrostatic  lens  to 
partially  focus  the  protons  being  extracted  as  shown  in  Fig.  2.3. 

Protons  passing  through  the  end  of  the  canal  are  focused  by  the 
negative  potential  of  the  gap  lens  as  shown  in  Fig.  2.3.  After 
the  beam  leaves  the  gap  lens  it  enters  the  beam  accelerating  tube  to 
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FIGURE  2.3 


The  Proton  Accelerator  Ion  Source 
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be  accelerated  up  to  100  bevo  The  accelerated  proton  beam  then 
passes  through  the  field-free  region  of  the  drift  tube  until  it  is 
collimated  by  the  first  tantalum  collimation  slit  near  the  entrance  to 
the  mass  spectrometer  (see  Fig*  2*4). 

This  collimation  hole  is  water  cooled  to  dissipate  the  heat 
produced  by  the  proton  beam  striking  the  tantalum.  Since  this  is  the 
only  connection  between  the  proton  accelerator  and  the  mass  spectrometer 

section,  differential  pumping  is  maintained  between  the  two  sections. 

-5 

At  operating  pressures  m  the  proton  accelerator  of  1  to  2x10  torr, measur¬ 
ed  close  to  the  drift  tube  by  the  Phillips  pressure  gage,  the  pressure 
.  -7 

in  the  mass  spectrometer  is  still  only  1x10  torr.  Although  the 
ion  source  bottle  of  the  accelerator  operates  at  about  10  to  100 
millitorr  pressure  of  hydrogen,  pressures  in  the  drift  tube  section 
are  kept  low  by  virtue  of  the  low  conductance  of  the  small  cylindrical 
(1/16"  diameter  and  1"  long)  exit  canal  of  the  ion  source  base. 

The  collimated  beam  passes  through  another  circular  1mm 
diameter  tantalum  collimating  hole  to  then  pass  through  the  mass 
spectrometer  ion  source.  The  beam  is  finally  collected  on  a 
heavy  tantalum  lined  Faraday  cup  (surrounded  by  a  secondary  electron 
suppressor  guard  ring  at  -67  V)  where  the  beam  current  can  be 
monitored.  The  collimating  holes  were  lined  up  with  respect  to  the 
holes  (1/8"  diameter)  through  the  ion  source  and  with  respect  to 
the  1/16"  diameter  hole  of  the  exit  canal  of  the  proton  accelerator 
ion  source.  This  was  done  by  means  of  sighting  with  a  transit  from 
the  proton  beam  collector  end  (with  collector  flange  removed)  of 
the  mass  spectrometer.  The  mass  spectrometer  proper  will  be 


described  later  in  Sec.  2.2. 
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FIGURE  2.4 


The  ion  Source  Section  of  Proton  Beam 
Mass  Spectrometer 

The  proton  beam  is  collimated  by  the  first 
collimation  slit  at  the  far  right  of  the  diagram.  The 
beam  is  further  collimated  by  the  2nd  slit  and  passes 
through  the  mass  spectrometer  ion  source  to  be  collected 
in  the  heavy  tantalum  lined  Faraday  cup. 

The  view  is  looking  down  at  the  mass  spectrometer 
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C .  Safety  precautions 
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The  proton  accelerator  was  effectively  walled  off  with  a 
lead-lined  plywood  barrier  with  a  door  for  access  to  the  accelerator. 
This  door  was  equipped  with  a  microswitch  connected  to  an  inter¬ 
lock  on  the  accelerator  console  so  that  high  voltage  could  not  be 
turned  on  without  the  door  closed.  If  the  door  was  accidentally 
opened  the  high  voltage  would  be  automatically  turned  off.  Flash¬ 
ing  red  lights  for  warning  were  mounted  on  the  barrier.  These  were 
switched  on  automatically  when  the  high  voltage  was  turned  on. 

The  barrier  was  lead-lined  to  absorb  soft  X-rays  emitted  at  the 
high  voltage  dome.  These  X-rays  most  probably  originate  from 
secondary  electrons  in  the  drift  tube  being  accelerated  back  up 
the  acceleration  plates  and  ultimately  striking  a  metallic  part 
in  the  ion  source  assembly  of  the  accelerator. 

D.  Operating  procedure  and  maintenance 

Terminal  power  is  activated  by  means  of  key  switch. 

This  is  turned  on  and  the  machine  is  allowed  to  warm  up  for  at 
least  one  minute.  The  hydrogen  supply  in  the  evacuated  teflon 
tubing  leading  to  the  palladium  must  be  brought  up  to  pressure 

9 

(15  lbs/  in-)  before  the  high  voltage  is  turned  on,  otherwise  a 
discharge  will  be  set  up  in  which  the  high  voltage  will  arc  through 
the  low  pressure  gas  in  the  teflon  tubing  to  the  hydrogen  cylinder 
which  is  at  ground  potential.  Then  hydrogen  is  allowed  to  bleed 

to  the  ion  bottle  by  means  of  the  palladium  leak  control.  The 

—  6 

background  pressure  of  the  machine  was  usually  1x10  torr  or 

-5 

less  and  hydrogen  pressure  was  adjusted  to  about  1. 5x10  torr 
as  monitored  by  the  Phillips  pressure  gage.  The  beam  switch  (r-f 
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discharge)  is  turned  on^thus  giving  a  bright  pinkish-red  plasma 
glow  in  the  ion  source  bottle.  The  high  voltage  is  then  turned  on 
and  brought  up  to  the  desired  accelerating  potential.  The  solenoid 
can  be  turned  on  and  extraction  and  focus  controls  increased  until 
the  desired  beam  current  is  reached.  To  shut  down,  the  procedure 
should  be  followed  in  exact  reverse  order.  Although  the  operating 
procedure  to  obtain  a  beam  is  quite  simple,  there  were  quite  a 
number  of  factors  that  had  to  be  learned,  mostly  by  trial  and 
error,  for  successful  day  to  day  operation  with  a  steady  beam 
current . 

It  was  found  that  the  hydrogen  should  be  allowed  to  bleed 
for  at  least  5  minutes  and  up  to  1/2  hour  if  the  machine  had  just 
been  freshly  pumped  down  from  atmospheric  pressure.  Then  the  r-f 
oscillator  (beam  switch)  is  turned  on  with  another  15  to  30  minute 
wait . 

Hydrogen  pressure  (in  the  ion  bottle),  extraction,  focus 
and  solenoid  controls  must  all  be  adjusted  and  manipulated  to  achieve 
maximum  beam  current.  It  was  found  that  working  at  maximum  current 
is  not  to  be  recommended  since  both  the  noise  (short-term  fluctua¬ 
tion)  and  drift  (long-term  fluctuation)  of  the  beam  current  was 
found  to  be  higher  here.  If  the  gas  pressure  is  set  too  low  the 
plasma  will  not  "fire"  but  just  above  this  pressure  the  plasma  will 
blink  on  and  off  at  approximately  10  cps.  The  optimum  pressure 
was  found  to  be  just  above  this  oscillatory  mode  — •  part ia 1  pressure 
of  hydrogen  1.5x10  torr  as  measured  at  the  Phillips  cold  cathode 
pressure  gage.  The  beam  was  found  to  be  slightly  more  stable 
with  the  solenoid  off.  Different  magnetic  field  settings  of  the 
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solenoid  also  influenced  the  beam  position  at  the  first  collimating 
slit.*  The  beam  could  be  observed  by  the  fluorescence  on  the  first 
collimation  slit  through  a  special  plexiglass  window  mounted  at  an 
angle  to  the  slit.  A  small  moveable  circular  magnet  mounted  around 
the  drift  tube  could  be  used  to  bend  the  proton  beam  slightly  to 
align  it  more  closely  with  the  collimation  slit. 

As  mentioned  previously,  working  with  controls  set  for  a 
beam  current  maximum  produced  a  fluctuating  beam.  The  extraction 
voltage  seemed  tobeamost  critical  control  with  regard  to  a  reduction 
of  the  fluctuations,  and  working  with  it  set  below  maximum  current 
conditions  (ie.  approximately  10  to  14  turns  of  the  extraction 
control)  resulted  in  a  steadier  beam.  With  the  extraction  voltage 
control  set  to  its  maximum,  arcing  from  the  extraction  electrode 
to  the  plasma  could  result  with  possible  overheating  of  the  ion 
bottle  and  ultimate  failure  in  the  vacuum  due  to  the  ion  bottle 
chipping  or  cracking. 

The  beam  current  was  found  to  become  more  unstable  than 
usual  after  approximately  300  "beam  on"  operating  hours.  Cleaning 
of  the  ion  bottle  and  quartz  sleeve  restored  the  stability  of  the 
beam.  The  ion  bottle  and  quartz  sleeve  could  usually  be  successfully 
cleaned  with  a  dilute  HF  solution  (5  parts  water:  1  part  HF) , 
followed  by  very  thorough  rinsing  with  distilled  water  and  drying. 

The  quartz  sleeve  must  be  inspected  very  carefully  for  pit  marks 
which  result  from  ionic  sputtering  and  bombardment.  Sometimes 
aluminum  sputtered  from  the  exit  canal  became  imbedded  in  the  inside 
of  the  quartz  sleeve  and  could  not  be  removed  by  the  acid  treatment. 

In  such  cases  the  old  sleeve  had  to  be  replaced.  The  exit  canal  of 
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the  aluminum  ion  source  base  plate  must  also  be  carefully  inspected, 
if  it  is  pitted  and  out  of  round  the  canal  must  be  plugged  and 
remachined.  The  dimensions  given  by  the  manufacturer  are  critical  for 
the  exit  canal  and  must  be  followed  exactly. 

In  efforts  to  obtain  optimum  beam  current,  attempts  were 
made  to  maintain  a  tight,  well  focussed  beam  of  approximately  2mm 
diameter  centered  on  the  first  collimation  slit.  The  internal 
diameter  of  the  exit  canal  of  the  ion  source  base  of  1/16"  (.0625") 

was  reduced  to  0.040"  and  the  focus  setting  was  adjusted  for  a  tight  beam, 
A  smal^well  focussed  beam  of  reasonable  intensity  was  obtained  and 
many  experiments  were  done  in  this  way.  However  it  was  found 
that  a  more  stable  proton  beam  trap  (collector)  current  could  be 
obtained  from  exactly  the  opposite  mode  of  operation  j,e.  allowing  a 
wide  and  diffuse  beam  to  hit  the  first  collimating  slit.  A  diffuse 
beam  was  achieved  by  having  the  focus  control  at  a  low  voltage  setting 
and  keeping  the  exit  canal  internal  diameter  at  1/16".  In  this 
manner  the  proton  trap  current  was  cut  down  by  nearly  a  factor  of  ten 
but  was  much  steadier.  The  trap  current  fluctuations  under  good 
conditions  were  1%,  under  usual  conditions  1  -  5%,  going  up  to  10  -  15% 
on  certain  days.  Beam  current  drift  could  usually  be  kept  to  1  or  2% 
after  stable  conditions  were  reached. 

2 . 2  The  Mass  Spectrometer 

The  mass  spectrometer  parts  were  built  by  the  University 
of  Alberta  Machine  Shops  to  the  designs  and  specifications  of  the 
Research  Director  and  the  author.  It  was  assembled  and  made  functional 
by  the  author.  The  instrument  is  a  conventional  60°  sector  field 
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magnetic  mass  spectrometer  with  15cm  radius  of  curvature.  A  diagram 
of  the  main  mass  spectrometer  set-up  is  shown  in  Fig.  2. 5. see  also  Fig.  2.4 

Theory  of  the  mass  spectrometer  is  not  new  and  may  be  found  readily 

3  7 

elsewhere. 

The  ion  source  utilized  a  Nier-type  electrode  system 

(Fig.  2. 6)  that  is  very  similar  to  that  used  in  the  AEI  MS 2  mass 

spectrometer.  Voltages  to  the  various  electrodes  (slits)  of  the 

ion  source  were  distributed  from  a  voltage  divider  which  was  fed 

by  a  highly  regulated  (+  .005%  ripple)  commercial  high  voltage 

supply.  Typical  voltages  at  the  various  ion  source  slits  and 

dimensions  of  slits  and  spacers  between  slits  are  given  in  Fig.  2.6. 

The  vacuum  system  of  the  mass  spectrometer  consisted  of 

a  1400  liter/sec.  6"  diameter  oil  diffusion  pump  (Model  PMC-1441, 

Consolidated  Vacuum  Corp.)  backed  by  a  425  liter/sec.  Welch  Duo- 

Seal  forepump.  Above  the  diffusion  pump  was  mounted  a  6"  diameter 

liquid  nitrogen  cooled  baffle  (Consolidated  Vacuum  Corp.)  and  a  6" 

diameter  (Consolidated  Vacuum  Corp.)  gate  valve.  These  components 

were  all  mounted  directly  below  a  six  inch  diameter  tube  which 

surrounded  the  mass  spectrometer  ion  source.  The  ultimate  pumping 

speed  at  the  ion  source  was  calculated  to  be  400  liter/sec.  Separate 

differential  pumping  of  the  mass  spectrometer  analyzer  tube  was 

obtained  with  a  30  liter/sec.  Model  PDV-30A  Dri-Vae  ion  pump. 

(Consolidated  Vacuum  Corp.)  Background  pressures  in  the  mass 

-7 

spectrometer  were  about  1x10  torr. 

The  basic  operation  of  the  mass  spectrometer  was  as  follows: 

Ions  formed  upon  collisions  of  protons  with  gas  molecules  were 
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FIGURE  2.5 

The  Mass  Spectrometer 

The  proton  beam  passes  through  the  ion 
in  a  direction  perpendicular  to  the  ion  source  as 
shown.  This  is  a  side  view. 
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CROSS-SECTIONAL  VIEW  OF  MASS  SPECTROMETER 
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FIGURE  2.6 


The  Mass  Spectrometer  Ion  Source 


The  view  shown  is  perpendicular  to  the  proton 


beam. 
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extracted  by  a  positive  repeller  field  through  the  ion  source  exit 
slit  (whose  dimensions  could  be  varied  by  inserting  different  sized 
slits  -  typically  1mm  x  15mm  for  low  pressure  mass  spectra) ,  to  be 
accelerated  by  1850  V  through  the  Nier-type  ion  gun.  Upon  leaving 
the  .25mm  x  15mm  object  slit  the  ions  were  subjected  to  magnetic 
analysis  by  the  tt/3  sector  field.  The  magnetic  field  variation 
is  obtained  by  varying  the  current (supplied  by  a  highly  regulated 
NJE  constant  current  supply?  through  the  coils  of  the  magnet s,  thereby 
increasing  or  decreasing  the  magnetic  field.  This  scanning  could 
be  done  manually  or  automatically  either  downfield  or  up-field  at 
will.  Upon  coming  into  focus  at  a  particular  magnetic  field  the 
ions  entered  the  0.5mm  x  15mm  image  slit  and  were  collected  in  a 
deep  grooved  Faraday  cup  surrounded  by  a  5mm  x  15mm  suppressor  slit 
at  -22  1/2  V.  The  currents  to  the  Faraday  cup  were  measured  by  a 
vibrating  reed  amplifier  (a  Cary  Model  31  Amplifier  was  first  used 
and  later  a  Victoreen  Model  475R  Femtometer  was  used) .  The  output 
of  the  amplifier  was  fed  to  a  10  mV  pot ent iomet ric  recorder  (Honeywell) 
to  be  automatically  recorded.  Later  on  a  secondary  electron  multiplier 
(SEM)  was  added  to  increase  the  sensitivity.  This  addition  will 
be  described  more  fully  later  (see  Sec.  2.6).  The  resolving  power 
of  the  mass  spectrometer  was  approximately  200  as  measured 
experimentally  with  the  isotopes  of  mercury. 

2. 3  Sample  Inlet  System 

Although  modified  slightly  for  different  experiments,  the 
basic  design  for  gas  introduction  to  the  mass  spectrometer  was 
as  shown  in  Fig.  2.7.  All  valves  used  were  teflon  gasketed  Hoke 
(helium  leak  tested)  brand.  The  whole  system  was  pumped  by  liquid 
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FIGURE  2.7 


Sample  Inlet  System 
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nitrogen  cold  trapped  10  liter/sec.  mercury  diffusion  pump  backed 
by  a  Welch  Duo-Seal  forepump.  Gases  or  vapors  could  be  introduced 
via  a  12/30  3?  ground  joint  or  an  Edwards  metal  "0"  -  ring-seal  joint. 

A  2  liter  reservoir  was  used  for  low  pressure  mass  spectra  and 
cross  section  measurements  whilst  an  11  liter  pyrex  bulb  reservoir 
was  used  for  the  high  pressure  spectra.  Pressure  in  the  reservoir 
could  be  measured  directly  by  the  mercury  manometer.  A  catheto- 
meter  was  used  for  readings  at  pressures  less  than  10mm.  If  the 
pressure  required  in  the  bulb  was  too  small  to  be  measured  accurately 
on  the  manometer,  a  larger  pressure  was  introduced  into  one  of  the 
smaller  volumes  (eg.  the  calibrated  volume  between  the  reservoir 
bulb  and  the  manifold)  and  expanded  into  the  evacuated  reservoir. 

The  pressure  in  the  reservoir  was  then  calculated  by  means  of 

Boyle's  Law  (p  V  =  p  V  ).  Several  molecular  leaks  (of  sintered 

11  2  2 

ceramic  material  sealed  into  the  pyrex  glass  inlet  tubing)  of  different 
leak  rates  were  used.  The  leak  used  depended  on  the  pressure  desired 
in  the  ion  source  of  the  mass  spectrometer  and  the  convenient  pressure 
to  be  used  in  the  reservoir.  For  the  low  pressure  mass  spectra  a 
leak  with  a  measured  conductance  of  O.lcc/sec.  was  used. 

2 . 4  Cross  Section  Measurements 

As  mentioned  previously,  upon  leaving  the  second  slit 
or  collimat ion  hole  the  proton  beam  passed  through  the  ion  source  at 
a  point  almost  midway  between  the  exit  slit  of  the  ion  source  chamber 
and  the  repeller  plate  as  shown  in  Fig.  2.4.  After  passing  through  the 
source  chamber  the  beam  was  finally  collected  in  a  large  tantalum  coated 
Faraday  cup  as  described  previously.  The  beam  defining  slit  2  was 
kept  at  +300  V,  during  cross  section  measurements.  The  ion  box 
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was  maintained  at  -160  V.  The  slow  positive  ion  currents  were 
collected  at  the  plate  which  in  normal  mass  spectrometric  operation 
is  the  repeller.  A  voltage  of  -80  V  on  the  repeller  with  respect  to 
the  ion  box  was  found  to  give  a  saturation  current  for  positive  ions. 
This  saturation  current  was  amplified  by  a  vibrating  reed  electrometer 
(Cary  Model  31)  floated  to  the  potential  of  the  repeller.  The 
electrometer  was  mounted  in  a  lucite  box  and  115  V.  A.C.  was  fed 
through  an  isolation  transformer. 

The  proton  trap  current  was  monitored  simultaneously  with 
a  D.C.  electrometer  (Keithly  Model  610B)  attached  to  the  Faraday 
cup.  Typical  currents  measured  at  the  repeller  were  1  x  10  ^  to 

—  9  _g 

10  Amp.  while  proton  currents  to  the  Faraday  cup  varied  from  1  x  10 
to  10  ^  Amp.  depending  on  conditions  of  the  experiment. 

The  electron  current  in  the  ion  source  chamber  could  also 
be  measured  by  maintaining  the  repeller  at  +80  V  with  respect  to 
the  source  chamber.  Some  typical  saturation  current  curves  for 
collection  of  both  electrons  and  positive  ions  are  shown  in  Fig.  2.8. 
These  were  measured  for  several  compounds  at  different  proton 
energies  in  the  linear  pressure  region  (i,e.  thin  target  conditions). 

The  background  saturation  currents  to  the  repeller  were  always 
measured  first,  with  no  gas  in  the  ion  source.  Because  of  beam 
intensity  limit ations,  cross  sections  below  40  kev  could  not  be 
successfully  measured. 

The  absolute  pressure  of  gas  in  the  source  chamber  was 

measured  by  a  cold-trapped  (Dry  Ice-Acetone)  McLeod  gage  of 
3 

525cm  volume  and  l/2mm  diameter  capillary,  which  was  connected 
directly  to  the  ion  source  chamber.  Pressures  in  the  2  liter  bulb 
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F IGURE  2 . 8 


Typical  Saturation  Current  Curve  for  Collection  of  both 
Positive  Ions  and  Electrons 
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upstream  from  the  molecular  leak  were  accurately  known.  The  pressure 

in  the  ion  source  (for  a  certain  pressure  in  the  bulb)  was  measured 

by  the  McLeod  gage.  A  linear  relationship  between  pressure  in  bulb 

and  pressure  in  ion  source  was  obtained  for  a  series  of  gases/  giving 

a  calibration  relating  pressure  in  bulb  to  pressure  in  the  ion  source. 

During  an  actual  run,  pressure  in  the  ion  source  could  be  determined 

from  the  known  pressure  in  the  bulb,  without  recourse  to  the  McLeod 

-5  —4 

gage.  At  the  pressures  used  (5  x  10  to  2  x  10  mm)  reproducibility 
of  pressure  measurements  was  rather  poor,  being  +15%. 

2. 5  Low  Pressure  Mass  Spectral  Measurements  (Primary  Proton  Impact 

Spectra) 

The  proton  beam  after  passing  through  the  final  collimation 
slit  (maintained  at  +150  V  with  respect  to  the  source  chamber  to 
suppress  secondary  electrons)  passed  through  the  source  chamber  as 
before  and  was  then  collected  on  the  Faraday  cup  with  the  beam  current 

monitored  by  feeding  the  current  through  an  appropriate  resistor  - 

this  potential  drop  was  continuously  monitored  with  a  1  mV  Sargent 
recorder.  The  ions  formed  upon  collision  of  the  protons  with  gas 
molecules  were  extracted  by  a  positive  repeller  field  (usually  ca . 
15V/cm)  adjusted  for  maximum  ion  current  of  the  parent  molecular  ion 
peak  through  a  1mm  x  15mm  slit,  to  be  accelerated  by  1850  V  through 
a  Nier-type  electrode  system.  The  distance  between  repeller  and 
exit  slit  of  the  ion  source  was  0.6cm. 

Magnetic  mass  analysis  was  obtained  as  described  previously. 

_  c 

The  ion  source  pressures  used  were  10  torr.  Secondary  electron 
currents  to  the  repeller  and  source  chamber  were  measured  by  floating 
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a  vibrating  reed  electrometer  to  the  acceleration  potential  used 
in  the  ion  chamber.  The  ratio  of  secondary  electron  current  to 
primary  proton  current  was  approximately  1%  for  the  ion  source 
chamber  and  less  than  1%  for  the  repeller  plate.  This  was  much  higher 
than  for  cross-section  measurements  since  the  high  positive  potential 
of  the  mass  spectrometer  ion  source  probably  attracted  more  stray 
electrons . 

The  electron  impact  mass  spectra  at  55  e.v.  were  taken  with 
a  Nier-type  filament  arrangement  and  electron  beam  focussing  magnets. 
This  set-up  unfortunately  does  not  completely  duplicate  the  proton 
beam  geometry.  However  such  a  duplication  is  really  quite  difficulty, 
especially  with  acceleration  energies  as  low  as  55  volts. 

All  hydrocarbon  gases  used  were  Phillips  research  grade. 

The  rare  gases  and  nitrogen  were  Airco  research  gases. 

2 . 6  Ion  Molecule  Reactions  -  (High  Pressure  Mass  Spectra) 

A.  Ion  source 

In  order  to  maintain  a  low  pressure  outside  the  ion  source 
and  in  the  analyzer  tube  at  ion  source  pressures  of  about  one  torr,  a 
few  modifications  were  made  to  the  mass  spectrometer  ion  source.  The 
exit  slit  was  shortened  to  5mm  and  its  width  was  decreased  to  25 
microns.  This  small  slit  was  made  by  spotwelding  1  mil  thick 
tantalum  foil  on  a  larger  slit  to  give  the  aforementioned  dimensions. 
To  maintain  the  high  ion  source  pressure  the  proton  beam  entrance  and 
exit  holes  were  sealed  with  thin  nickel  foils  in  a  somewhat 
special  manner. 


B.  Thin  foils  in  the  ion  source 


Ipirf  (fo 

. 


;a  - f:  ’  i 

' 

. 

'  -  -  ;;  ■ 

.  *  O';  . 

i  j\  yo  n  l  ■  ■  ■  tt*y.  <--•  :  ■ : ; ’.i 

1  | 

. 


i  '■  -  -  ;  >■  s-'-i*'  31  if! 

,  ;•  i  - 


50 


Thin  nickel  foils  (Chromium  Corp.  of  America)  of  10-~*  inch 

thickness  and  less,  were  mounted  on  hexagonal  copper  grids  (kindly 

donated  by  Varian  Associates,  Palo  Alto)  which  in  turn  were  mounted 

on  1/4"  diameter  circular  stainless  steel  plug  (as  shown  in  Fig.  2.9) 

which  made  a  smooth  gas  tight  fit  in  the  entrance  and  exit  holes  of 

the  ion  source.  The  copper  grids  were  used  for  dissipation  of  the  heat 

produced  in  the  foil  by  the  passage  of  the  proton  beam  to  prevent 

burnout  of  the  thin  nickel  foils.  The  copper  grids  which  are  0.012" 

thick  have  a  heavier  outer  rim.  They  were  soft  soldered  to  the 

stainless  steel  plug  with  a  light  bead  of  solder.  All  flux  was  then 

removed  and  the  plug  was  set  on  a  hot  heavy  brass  block.  The  slight 

excess  of  solder  on  the  edge  of  the  grid  soldered  the  outer  diameter 

of  the  foil  to  the  rim  of  the  grid.  Since  the  foils  were  copper 

backed  for  ease  in  handling,,  they  were  mounted  copper  side  out  and 

the  copper  layer  was  removed  by  a  chromic  acid  solution.  Foils  of 
-6 

5  x  10  inch  thick  were  successfully  used  with  no  burn-out.  The 

success  of  the  method  seems  to  be  partly  due  to  the  fact  that  a  very 

thin  copper  layer  was  left  on  the  foil.  The  proton  beam  sputtered 

* 

off  the  excess  copper  where  it  struck  the  foil  but  the  rest  of  the 
foil  retained  the  layerthus  allowing  more  mass  for  heat  conduction. 

_5 

This  is  illustrated  by  the  fact  that  a  thicker  foil  ( 1  x  10  inch) 
was  tried  and  burned  out  in  about  a  weeks'  operation.  The  copper  was 
completely  cleaned  off  this  foil. 

*  It  has  been  found  that  for  70  kev  ions,  the  sputtering  rate 

of  copper  is  higher  than  that  of  nickel  (0.  Almen  and  G.  Bruce,  Trans. 
8th  Vac.  Symp.  Vol.  1,  p.  245,  1961) 
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FIGURE  2.9 


The  Mounting  of  Ion  Source  Foils 

The  thin  (0.5  to  1  x  10”^  inch)  nickel  foil 
is  punched  to  V  diameter  and  mounted  on  copper  hexagonal 
grid.  The  latter  is  first  soldered  to  heavy  stainless 
steel  foil  holder.  The  entire  assembly  (of  which  two 
are  used)  makes  a  gas  tight  push  fit  into  both  sides  of 
the  mass  spectrometer  ion  source. 

The  copper  hexagonal  grids  have  a  heavier  outer 
rim  which  is  0.012"  thick.  There  are  approximately  150 
holes  in  the  gridded  portion.  The  vanes  of  the  grid  are 


only  0.0006"  thick. 
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The  proton  beam  remained  well  collimated  through  the  ion 
source  since  a  uniform  carbon  spot  of  1mm  diameter  was  burned'  on 
the  second  (exit)  foil.  This  diameter  is  the  same  as  the  diameter  of 
the  2nd  collimation  hole.  An  estimate  can  be  made  of  the  energy  of 
the  proton  beam  after  it  leaves  the  first  foil.  The  energy  loss  can 

be  estimated  from  the  stopping  powers  (in  kev/mg/cm  )  for  copper 

3  8 

in  the  energy  range  of  50  to  100  kev  protons.  Since  the  densities 
of  copper  and  nickel  are  identical  (8.9  gm/cc)  and  their  atomic 
numbers  differ  by  only  one/We  will  assume  the  data  for  copper  apply 
equally  well  to  nickel.  The  rate  of  energy  loss  in  kev/mgm/cm  can 
be  converted  to  kev/cm  since  density  (mgm/cc)  x  thickness  of  foil  (cm) 

=  mgm/cm2.  Since  the  stopping  power  “  ^|.  for  nickel  changes  only 
gradually  from  100  to  50  kev  to  a  reasonable  approximation  we  can 
say 

AE  _  thickness  (cm) 

-dE 

dx 

where  we  consider  a  5  kev  slice  under  the  “  £5.  vs.  E  curve  and  then 

dx 

calculate  the  thickness  of  foil  required  to  give  this  energy  loss. 

By  consideration  of  a  series  of  these  small  slices  of  area  under  the 

3  8 

stopping  power  versus  proton  energy  curve  we  find  that  a  aE  =  25  kev 
(starting  with  100  kev  protons  incident  upon  the  foil)  corresponds  to 
the  manufacturer's  thickness  of  the  foil  (5  x  10  ^  inch) .  Thus  100  kev 
protons  incident  upon  the  foil  would  lose  25  kev  in  the  foil  to 
yield  75  kev  protons  on  the  ion  source  side  of  the  foil.  However  a  car¬ 
bon  film  is  built  up  on  the  ion  source  side  of  the  first  foil/ 
presumably  from  hydrocarbon  gases  used.  The  energy  of  the  proton 
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beam  is  therefore  probably  lower  than  7  5  kev.  Without  knowing  the 
true  thickness  of  the  foil  plus  carbon  layer  the  energy  loss  is 
somewhat  indeterminate. 

C.  Secondary  electron  multiplier 

Since  the  small  ion  source  exit  slit  cuts  down  sensitivity 
considerably,  a  17  stage  Cu-Be  secondary  electron  multiplier  (SEM) 
was  installed  as  a  collector  instead  of  the  Faraday  cup  (see  Fig.  2.10). 
The  multiplier  structure  was  obtained  from  the  Technical  Physics 
Section  of  the  Federal  Institute  of  Technology,  Zurich.  It  was 
supplied  in  an  evacuated  glass  envelope.  The  multiplier  was 
mounted  on  a  flange  fitted  to  the  collector  end  of  the  Mass  Spectrometer 
In  operation  the  first  dynode  voltage  was  between  -1000  to  -1850  V 
(supplied  by  a  highly  regulated  Hamner  constant  voltage  supply) . 

Araldit e-coat ed  1  megohm  resistors  were  connected  between  each 
successive  dynode  with  the  last  dynode  (collector)  being  at 
ground  potential.  Thus  the  voltage  was  distributed  in  a  series  of 
steps  down  to  zero  volts  with  the  first  dynode  at  the  highest 
(negative)  potential.  The  SEM  was  surrounded  by  alternate  sheets  of 
"Netik"  and  "Conet ik"  material  for  shielding  from  stray  magnetic 
fields.  The  electron  suppressor  slit  was  replaced  by  a  grid  of  85% 
transparency  nickel  mesh.  This  was  at  the  potential  of  the  first 
dynode  for  SEM  operation. 

Ions  could  also  be  collected  without  multiplication 
on  the  first  dynode  [Fig.  10  (b)].  In  this  mode  of  operation  the 
first  dynode  is  connected  to  the  preamplifier  (at  ground  potential) 
and  the  second  dynode  and  electron  suppressor  grid  are  at  -45  V. 

The  change  from  SEM  to  1st  dynode  collection  was  made  readily  with 
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FIGURE  2.10 


Schematic  View  of  Secondary  Electron  Multiplier  (SEM) 

Collect  ion 

The  mass  analyzed  ions  focus  on  the  analyzer 
exit  slit  (B)  and  strike  the  first  dynode,  whence  the 
current  can  be  either  multiplied  as  shown  in  part  (a) 
or  fed  directly  to  the  preamplifier  and  amplifier  as  in 
part  (b) 
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two  switches.  Multiplication  factors  were  determined  by  comparison 

of  signals  from  SEM  ' and  1st  dynode  collection.  Useable  SEM  voltages 

were  -1000  V  to  -1800  V  which  corresponded  to  multiplication  (or 

gain)  factors  of  1000  (for  -  1000  V)  to  1.5  x  106  for  -1800  V. 

Experimentally,  noise  was  not  a  problem  with  SEM  voltages  even  up 

to  -1800  V.  At  this  highest  multiplication  that  could  be  used  convenient- 

— 18 

ly, a  current  of  1  x  10  A  (50  charges/sec.)  could  be  measured  with 
a  signal  to  noise  ratio  of  one,  demonstrating  the  very  good  sensitivity 
of  the  SEM  -  amplifier  combination. 

\i  // 

D.  Metastable  suppressor 

At  the  highest  ion  source  pressures  used  (2  torr)  the 
pressure  in  the  analyzer  tube  was  about  1  x  10  torr.  (In  the  water 
experiments  the  analyzer  tube  pressures  were  much  lower  due  to  the 
very  large  pumping  speed  of  the  liquid  N2  cooled  baffle  for  water 
vapor.  For  example  at  0.5  torr  H20  ion  source  pressure,  the  analyzer 
tube  pressure  was  about  lx  10”5  torr. )  At  these  pressures  some  ions 
can  make  collisions  with  gas  molecules  in  the  analyzer  tube.  These 
ions  will  lose  some  of  the  energy  they  received  upon  leaving  the 
ion  gun  by  undergoing  collision-induced  dissociations  and  will  appear 
at  non-integral  masses.  These  ions  from  collision-induced 
dissociations  complicate  and  confuse  the  mass  spectrum  produced. 

Since  their  acceleration  energy  is  lower  than  that  of  normal  ions, 
it  is  possible  to  suppress  these  ions  with  an  appropriate  potential 

3  9 

on  a  grid  or  slit  placed  before  the  collector  of  the  mass  spectrometer. 
Therefore  a  suppressor  grid  (shown  in  Fig.  10  (a)  )  was  installed 
immediately  before  the  analyzer  exit  slit.  The  voltage  on  this 
suppressor  grid  could  be  varied  from  about  +900  to  +1800  V. 
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Space  limitations  precluded  mounting  the  grid  after  the  analyzer 
tube  exit  slit.  Since  these  suppressor  grids  or  slits  will  suppress 
true  metastable  ions  from  a  primary  mass  spectra  they  are  often  used 
for  this  purpose  in  analytical  mass  spectrometers.  They  are  commonly 
called  "metastable,,  suppressors  even  when  used  for  both  suppression 
of  true  metastable  ions  and  ions  of  collision-induced  dissociations. 

At  higher  pressures,  the  "metastable"  suppressor  helped 
narrow  the  pressure  broadened  peaks  and  to  reduce  the  observation 
of  non-integral  mass  peaks  due  to  collision-induced  dissociation. 

Scans  were  taken  with  the  suppressor  at  zero  volts  and  at  a  positive 
suppressing  potential  at  a  few  pressures.  The  relative  intensities  of 
the  ions  in  the  mass  spectra  were  identical  for  both  settings  of 
the  suppressor. 

E.  Ion  source  pressure  measurements 

Pressure  in  the  ion  source  was  measured  with  either  a  0 
to  5  mm  tilting  McLeod  gage  connected  with  short  glass  tubing  to  the 
gas  inlet  at  the  ion  source  or  a  large  calibrated  McLeod  gage  hooked 
directly  to  the  ion  source.  Since  water  has  a  low  vapor  pressure 
(condenses  readily)  its  pressures  could  be  read  only  on  the  smaller 
tilting  McLeod  gage  which  has  a  small  compression  factor.  Pressures 
up  to  1  mm  could  be  read  without  inaccuracies  due  to  condensat ions;  etc. 

Once  the  pressure  in  the  reservoir  was  at  a  steady  state, 
the  McLeod  gage  was  shut  off  to  prevent  mercury  vapor  from  entering 
the  ion  source. 

F.  Sample  inlet  system 

A  modified  version  of  the  inlet  system  described  in 


Section  2.3  was  used  for  the  higher  pressure  mass  spectra.  The 
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sample  reservoir  was  an  11  liter  Pyrex  bulb.  Some  of  the  inlet 
leaks  used  had  measured  conductances-  of  0 . lcc/sec y 0 . 25cc/sec . 
and  l.lcc/sec.  Because  of  the  lower  vapor  pressure  of  water  a  larger 
conductance  leak  of  70  -  100 y  sintered  glass  was  used. 

For  the  water  -  methanol  mixture  experiment s,  a  separate 
inlet  system  similar  that  described  utilizing  a  O.lcc/sec  leak  and 
a  2  liter  reservoir  was  added  for  admitting  methanol  vapor  to  the 
ion  source.  The  two  vapors  mixed  on  the  low  pressure  (mass  spectro¬ 
meter  inlet)  side  of  the  leaks. 

G.  Compounds  used 

The  gases  and  liquids  used  were  thoroughly  degassed  before 
use  except  ethylene  which  was  used  directly  in  the  high  pressure 
experiments . 

The  methane  was  passed  through  Linde  5A  molecular  sieves  at 

o  ,  . 

-78  C  to  remove  any  water  impurities  in  the  gas. 

Phillips  (research  grade)  ethylene  and  Matheson  (research 
grade  ultra  pure)  methane  was  used.  Nitric  oxide  (Matheson)  was 
carefully  purified  by  bulb  to  bulb  distillation.  Water  was  doubly 
distilled  and  the  methanol  was  Mallinckrodt  reagent  grade. 
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3.  IONIZATION  CROSS  SECTIONS^ PRIMARY  PROTON  MASS  SPECTRA 

PART  I  Cross  Section  Measurements 

1. 1  Cross  Section  Evaluation  from  Experimental  Results 

The  total  ionization  cross  section  a  for  production  of 

slow  positive  ions  (see  Secs.  1. 2  -  1.3)  is  given  by 

2  ± 

a  (cm  /molecule)  =  +  (3.1) 

+  i  nil 

P 

where  i  is  slow  positive  ion  current 

i  is  primary  proton  beam  current 

£  is  path  length  in  cm  (along  which  ions  are  formed) 

n  is  number  of  molecules/cc 

and  n  =  P 

kT 

where  p  is  the  pressure 

k  is  Boltzmann's  constant 

T  is  the  temperature  (taken  as  room  temperature) 

The  cross  section  for  production  of  free  electrons,  0  _  , 

(the  simple  or  "pure"  ionization  cross  section)  was  measured  in  the  same 

way  by  measurement  of  negative  saturation  current  (i _ )  to  the  repeller. 

The  probability  of  formation  of  negative  ions  is  very  small  and 

negative  current  measured  is  almost  entirely  due  to  electrons. 

The  fractions  i+  or  were  plotted  versus  varying 

Tp  ip 

gas  pressure  for  most  of  the  compounds  studied.  Two  examples  of 
these  plots  are  given  in  Figs.  3.1  and  3.2.  Linear  relationships 
were  obtained,  demonstrating  single  collision  conditions.  The 


59 


FIGURE  3.1 


Plot  for  Evaluation  of  cr+- and  a_  by  100  kev  Protons  in 

Krypton 
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F IGURE  3 . 2 


Plot  for  Evaluation  of  o+  for  n-Butane  for  40  kev  Protons 
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cross  sections  presented  in  Figs.  3.3  -  3.6  were  evaluated  from 

the  slope  of  versus  gas  pressure  plots^  such  as  those  given  in 

ip 

Figs.  3.1  and  3.2.  The  charge  transfer  cross  section  o  may  be 


c 


obtained  from  the  equation  a  =  a  -  o  . 

c  +  — 

As  a  test  of  the  general  method,  certain  cross  sections 
were  redetermined  for  comparison  with  published  results.  These 
are  mentioned  in  the  following  section. 

1 . 2  Comparison  with  Previous  Results 

The  results  for  the  cross  sections  for  neon,  nitrogen 

and  krypton  are  plotted  versus  energy  of  protons  in  Figs.  3.3  and 

4  0 

3.4.  Published  results  by  Fedorenko  and  co-workers  are  also 
plotted  on  the  graphs  for  comparison.  One  can  see  that  there  is 
relatively  good  agreement  for  the  relative  cross  sections  and  their 
dependence  on  proton  energy.  However  there  is  a  difference  in  the 
absolute  values,  our  cross  sections  being  higher  by  a  factor  of 
approximately  1.6.  Differences  by  a  factor  of  2  between  experiments 
done  in  different  laboratories  are  not  unusual. 

1 . 3  Errors  in  Cross  Section  Measurements 

A.  Pressure  measurement 

We  think  that  a  likely  source  of  error  in  our 

absolute  values  is  the  ion  source  pressure  measurement.  At  the 

-5-4  . 

low  pressures  used  (5  x  10  to  2  x  10  torr)  mercury  sticking 

and  random  effects  due  to  capillary  action  cause  faulty  readings 

4  1 


with  the  McLeod  gage.  Podgurski  and  Davis  estimate  that 
pressures  below  10”* * * 4  torr  measured  by  a  McLeod  gage  with  a 
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FIGURE  3.3 


Simple  Ionization  Cross  Sections,  o  ,  of  Neon, 
and  Krypton  with  40  to  100  kev  Protons 
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FIGURE  3.4 


Gross  Ionization  Cross  Sections, a  +  ,  of  Krypton,  Nitrogen 
and  Neon  for  40  to  100  kev  Protons 
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capillary  of  1mm  diameter  or  less  (our  gage  capillary  was  l/2mm 
in  diameter)  could  read  up  to  20%  too  low  compared  to  the  actual 
pressure  in  the  system.  Thus  it  is  quite  plausible  that  the 

V-2. 

McLeod  gage  measurements  were  too  low.  Schram  and  co-workers 
found  their  pressure  measurements  were  8%  too  low  for  Ar  and 
14%  too  low  for  Kr  because  of  the  action  of  mercury  vapor 
streaming  to  the  cold  trap. 

It  has  been  postulated  that  mercury  vapor 
streaming  or  pumping  will  occur  even  at  much  higher 
temperatures  (room  temperature)  thus  causing  pressure 
measurements  lower  than  the  absolute  pressure  of  the 
system. 

B.  Influence  of  Hq+  in  the  proton  beam 

+ 

Presence  of  H in  the  proton  beam  can  increase 

the  cross  sections  being  measured.  In  the  range  of  energies 

we  studied,,  O'  for  H  +  measured  with  a  few  simple  gases 

+  2 

has  been  found  to  be  up  to  twice  as  high  as  +  due  to 
protons.  For  our  beam  of  90%  H+  and  10%  H^+  this 

would  lead  to  a  maximum  increase  in  the  measured  cross 
section  by  a  factor  of  0.9  +  2(.l)  =  1.1. 

C .  Secondary  electron  effects 

The  most  likely  cause  of  secondary  electrons  is 
due  to  impact  of  protons  upon  metal  surfaces  in  the  ion 
source  chamber.  These  electrons  may  be  accelerated  by  the 
collecting  potentials  within  the  ion  source  region.  Background 


*  H  38 UBO&d  IX  *05  WOl  OO^ 

J 

irf:J  J  :)  ,  ,tlf  „:  *,;..•  o.t  *»  W*  —oX  >™**™***m 

;  .  (i,)S  +  €.0  *o.  xoios*  Yd  noi^ooe 


65 


saturation  currents  with  no  gas  within  the  ion  source  were 
usually  about  10%  of  the  currents  measured  with  gas  bleeding 
in.  These  background  currents  were  always  subtracted  from 
the  total  saturation  currents  with  gas  bleeding.  Secondary 
electrons  are  not  considered  to  have  introduced  significant 
error  into  the  cross  section  measurements. 

D.  End  effects  of  the  collecting  electrode. 

Another  source  of  error  could  be  due  to  end  effects 
of  the  collecting  electrode.  The  proton  beam  enters 
and  exits  the  ion  source  through  two  channels  (Fig.  4.2). 

The  gas  escaping  the  ion  source  through  the  channels 
is,  of  course,  exposed  to  ionization  by  the  proton  beam. 

It  is  quite  likely  that  these  ions  are  also  collected  on 
the  electrode.  An  estimate  of  this  additional  current 
can  be  made.  The  combined  length  of  the  two  channels 
is  1.7  cm.  Assuming  a  linear  pressure  drop  to  zero 
pressure  at  the  end  of  the  channel,  we  have  an  equiva¬ 
lent  length  of  0.85  cm  at  the  pressure  of  the  ion  source. 

The  length  of  the  ion  source  was  2. 2  cm.  This  length 
was  used  for  the  calculation  of  the  cross  sections.  If 
we  add  to  this  length  0.85  cm  due  to  ionizations  in 

the  channels,  we  have  £  =3.15.  The  cross  sections 

(effective) 

given  in  Figs.  3.3  and  3.4  could  thus  be  too  high  by  a 
factor  of  3.15/2.2=1.4.  If  such  a  factor  were  taken 
into  account,  our  cross  sections  for  Ne,  Kr,  and  N2 


5d  - 


9o«oe  noi  erf*  «rf*iw  a**  on  rfaiw  a*fle«no  noi  :>««*« 

' 

i  toJW,«B.  ayr-wX*  •?«  '  »  ^  tau-n^ml  "  >*rf  .r.i 

.ainemenu  se  n  noiioea  sio»  *rf*  ®*  1  :'e 


* 

ro)g.  msec!  noiouq  srfT  .ebosioeXa  pnxJoe'Xoo  ‘  '  1°  <•" 

.  i  )  •  .nr  ■  ifo  ■><  It  oX-'  o  ®  !  •  :-  '>ns 

,j  *„•  ro«.-*u  ■  t>v.  ,a*  ,5e  !*rfi 

«K  -  — !  •  *  V-i  *  »•  ^  b"  V”  "  '  ’  ‘  ':''X 

OTes  oi  qo-xb  ii«KH4  a  pnimx/aaA  .mo  '•  •  ■•■ 

.  .  UP  ,  r.  te  >■'  «  '  ■  *•>«“•  1  **  ;9  •  '  :  '  w-*-** 

neXei  e^ew  noioai  e  rfoba  II  .fr.i-S.SV  .  *«  o.  '  ! 


65  a 


would  become  almost  identical  to  those  by  Fedorenko. 

It  is  concluded  that  the  cross  sections  are  probably  too 
high  by  a  factor  of  about  1.4. 

The  effective  length  of  collection  could  have 
been  readily  made  equal  to  the  geometrical  length  of 
the  collecting  electrode  by  installing  guard  rings 
(at  the  potential  of  the  collecting  plate)  immediately 
before  and  after  this  electrode.  Unfortunately  this 
was  not  realized  at  the  time  of  the  experiments 
and  this  modification  was  not  carried  out. 

1. 4  New  Cross  Section  Values 

The  total  ionization  cross  section  ( G~  )  and  the 

+ 

charge  transfer  cross  section  (J*  =  (T  -  CT  ,  for  methane, 

c  + 

ethylene  and  n-butane  are  shown  in  Fig.  3.5.  The  simple 
ionization  cross  section  (O'  )  values  for  these  compounds 
are  given  in  Fig.  3.6.  Although  the  absolute  values 
might  be  too  high,  the  general  trends  of  cross  section 
with  proton  energy  should  be  accurate.  We  see  that 
these  gases  show  trends  which  are  similar  to  those  observed  for 
Kr,  N  and  Ne.  Thus  the  cross  sections  for  simple  ionization 
(<T_)  remain  almost  constant  in  the  range  40  to  100  kev.  On  the 
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FIGURE  3.5 


Total  (or  Gross)  Ionization  Cross  Sections  and  Charge 
Transfer  Cross  Sections  of  Methane,  Ethylene  and  n-Butane 

for  40  to  100  kev  Protons 


CT^  is  the  total  ionization  cross  section  (for  production  of 
positive  ions) 

(T  is  the  charge  transfer  cross  section 
c 


CROSS,  SECTION,  o- ,  IN  UNITS  OF  10  CM  /  MOLECULE 


F IGURE  3 . 6 


Simple  Ionization  Cross  Sections  (a_) 


for  Methane, 


Ethylene 


n-Butane  for  40  to  100  kev  Protons 


o 

o 


o 

oo 
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other  hand,  the  charge  transfer  cross  sections  which  represent 

only  10%  of  the  total  ionization  at  100  kev  increase  rapidly  to 

some  40%  of  the  ionization  at  40  kev. 

The  cross  sections  a  and  a  were  measured  for  a  number  of 

+  — 

alkanes,  alkenes,  alkynes,  chlorinated  alkanes  and  benzene  at  100  kev.  For 

many  of  these  compounds  the  ratio  was  not  measured  at  a  series 

ip 

of  pressures  but  at  only  one  or  two  pressures  within  the  linear 

pressure  region.  Although  measured  absolutely,  values  were  all 

4  0 

normalized  to  the  Russian  workers  values  of  a+  and  for 
krypton  at  100  kev. 

The  values  of  the  measurements  are  found  in  Table  3.1. 

Charge  transfer  cross  sections  o  are  tabulated  in  the  table  and 

c 

are  calculated  from  the  equation  a  =  a  -  a  .  of  course  the 

C  i 

error  for  a  will  be  at  least  double  the  error  for  a  or  u  . 
c  + 

1. 5  Discussion  of  Ionization  Cross  Section  Results  for  Molecules 

Ionization  cross  sections  can  be  correlated  for  various 

4  4 

properties  of  the  compounds  ionized.  Thus  Otvos  and  Stevenson 

concluded  that  ionization  cross  sections  of  hydrocarbons  with  75 

volt  electrons  are  a  constitutive  molecular  property  and  can  be 

estimated  from  suitable  atomic  ionization  cross  sections.  Lampe, 

4  5 

Franklin  and  Field  related  the  75  ev  electron  impact  cross 
sections  to  polarizabilities  of  the  molecules.  They  suggested  the 
postulate  of  additivity  of  atomic  cross  sections  of  Otvos  and 
Stevenson  could  probably  be  applied  only  within  a  homologous 
series  of  hydrocarbons.  In  a  very  recent  and  more  comprehensive 
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TABLE  3 . 1 

Normalized  cross  sections  for  100  kev  protons 


0  in  units 

of  10  ^  cm2/molecule 

Compound 

V 

a_ 

0 

c 

tf  * 

Kr 

(9.0) 

(8.4) 

(0.6) 

ch4 

‘  *0 

6.3 

0.7 

c2h2 

3.7 

6  *  9 

°-8 

c2h4 

12.3 

10. 4 

1  *  9 

c2h6 

14  •  3 

11 ' 6 

2-7 

-•  3  h  4 

16. 4 

14. 8 

1*6 

c3h6 

17-3 

14 . 5 

2  *  8 

c3h8 

18. 9 

17-0 

1  *  9 

n-C4II  i  o 

22  *6 

20. 6 

2-0 

n-C5Hi 2 

29- 5 

2?  ’  6 

1  *  9 

n-C6H i 4 

36. 8 

30-3 

6.5 

c6h6 

29*4 

27  ’  8 

4-6 

ch2ci2 

20. 0 

19  ’  2 

0  *  8 

CH3C1 

14  ’  3 

12. 8 

'•s 

C2H5C1 

20  .  g 

19. 0 

1*  8 

*  Normalized 

to  values  for 

krypton  as  determined  by 

Fedorenko 

and  co-workers.40 


.< 


. 


o 

i  *  * 
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study  of  the  cross  sections  for  75  ev  electrons,  A. G.  Harrison  and 

4  6 

co-workers  concluded  that  the  molecular  ionization  cross 
sections  fit  neither  a  simple  additivity  postulate  nor  a  single 
linear  correlation  with  polarizability.  They  find  data  can  be 
correlated  with  polarizability  or  a  modified  additivity  rule  within 
any  one  homologous  series. 

We  find  that  ionization  cross  sections  by  100  kev 
protons  can  be  linearly  correlated  with  the  number  of  valence  or 
outer  shell  electrons  in  the  molecule  and  with  the  polarizability 
of  the  molecule.  Figure  3.7  shows  that  a  satisfactory  straight  line 
correlation  is  obtained  between  c  ,  a _ and  the  number  of  valence 
electrons  in  the  molecule  for  ionization  by  100  kev  protons.  The 

plots  in  Fig.  3.8  show  that  a  slightly  better  correlation  is 

4  7 

obtained  with  the  polarizabilities.  The  relationship  is 

rather  good  considering  that  alkanes,  alkenes,  alkynes,  benzene  and 
chlorinated  alkanes  fit  the  same  line  reasonably  well*  Thus  it 
should  be  possible  with  the  use  of  Figs.  3.7  and  3.8  to  estimate 
with  good  accuracy  the  unknown  cross  section  of  a  compound  from  its 

valence  electrons  or  its  polarizability  for  100  kev  protons. 

4  6 

However,  considering  the  conclusions  of  Harrison  et  al,  these 
generalities  should  be  viewed  with  caution. 

PART  I I  Mass  Spectra 

The  mass  spectral  fragmentation  patterns  for  the  hydro- 
carbons;methane,  acetylene,  ethylene,  ethane,  propane  and  n-butane 
upon  bombardment  of  50  and  100  kev  protons  are  shown  in  Table  3.2. 
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FIGURE  3.7 


Correlation  between  Cross  Sections  (j  and(j"_  with  100  kev 
Protons  and  Number  of  Valence  (Outer  Shell)  Electrons 


Absolute  values  were  adjusted  to  cross  sections  of 
Krypton  in  reference  40. 

Average  vertical  deviations  from  the  straight  lines  were 

+  0.96  A2  for  (7  and  +  1.08  A2  for  Q~  . 

—  +  — 
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FIGURE  3.8 


Correlation  between  Polarizabilities  of  Compounds  and 
Ionization  Cross  Sections  with  100  kev  Protons. 


Absolute  values  of  cross  sections  were  adjusted  to  cross 
sections  of  Krypton  in  reference  40. 

Average  vertical  deviations  from  the  straight  lines  were 

+  0.81  A ^  for  both  (T  and  (f  _  . 

+ 


1025CM3  (POLARIZABILITY) 


. 


-  73  - 


TABLE  3.2 


Comparative  mass  spectra  of  hydrocarbons  ionized  by  50  and 


100  kev  protons  and  55  ev  electrons 


m/e 

5  0  kev 
protons 

100  kev 
protons 

55  ev 
electrons 

50 

55 

kev  p 
ev  el 

100  kev  p 
55  ev  el 

A.P* 

(ev) 

computed 

spectrum 

1. 

ch4 

12 

1.47 

1.23 

0.57 

2.58 

2.16 

26.8 

0.74 

13 

3.59 

2.04 

1.91 

1.88 

1.07 

23 . 0 

1.23 

14 

9.00 

5.68 

4.54 

1.96 

1.24 

15.6 

3.42 

15 

39.2 

39.3 

40.8 

0.95 

0.96 

14.4 

23.6 

16 

46.3 

51.1 

51.4 

0.90 

0.99 

13.1 

70.7 

17 

0.54 

0.57 

0.61 

0.84 

0.93 

0.7 

2. 

c2h6 

12 

0.28 

0.17 

0.07 

4.00 

2.4 

30.5 

13 

0.43 

0.16 

0.15 

2.87 

1.87 

24.6 

13  U 

0.089 

0.05 

0.01 

8.90 

5.70 

35? 

14 

1.83 

1.59 

0.68 

2.69 

2.38 

16.3 

14  % 

0.64 

0.68 

0.23 

2.78 

3.00 

30? 

15 

1.51 

1.21 

1.18  , 

1.28 

1.03 

14.0 

24 

0.72 

0.60 

0.17 

4.24 

3.59 

31.6 

25 

2.14 

1.59 

1.25 

1.71 

1.27 

27.1 

26 

11.5 

9.51 

9.46 

1.22 

1.01 

15.0 

27 

17.9 

15.8 

14.6 

1.23 

1.08 

15.3 

28 

42.3 

44.2 

48.3 

0.88 

0.92 

12.1 

29 

8.6 

10.0 

11.0 

0.78 

0.91 

12.8 

30 

11.9 

14.2 

12.7 

0.94 

1.12 

11.7 

31 

0.26 

0.28 

0.28 

0.93 

1.04 

11.7 

3. 

C2H2 

12 

1.44 

0.84 

0.65 

2.22 

1.29 

24.5 

12  L 

0.06 

0.04 

0.009 

6.89 

4.40 

35  - 

40? 

13 

7.91 

5.50 

2.33 

3.39 

2.36 

22.3 

13  h 

0.11 

0.09 

0.03 

3.67 

3.00 

30  - 

35? 

14 

0.15 

0.28 

0.11 

1.36 

2.55 

24 

5.73 

4.04 

4.16 

1.38 

0.97 

23.6 

25 

20.7 

17.6 

15.4 

1.34 

1.14 

17.8 

26 

62.5 

69.6 

75.7 

0.83 

0.92 

11.4 

27 

1.36 

1.50 

1.69 

0.80 

0.89 

11.4 

4. 

C2H4 

12 

0.64 

0.35 

0.21 

3.05 

1.67 

24.7 

13 

0.83 

0.57 

0.40 

2 . 08 

1.43 

23.0 

13  Jg 

0.37 

0.35 

0.10 

3.70 

3.50 

30? 

* 

Values  of  the 

appearance 

potentials 

of  the 

ions  for  electron 

impact  are  taken  from 

F. 

H.  Field 

and  J.  L. 

Franklin , 

ref . 
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TABLE  3.2  continued. 


m/e 


50 


kev 

protons 


100  kev 

protons 


55  ev 
electrons 


50  kev  p  100  kev  p  A.P. 

55  ev  el  55  ev  el  (ev) 


14 

1.78 

1.79 

0.98 

1.82 

1.83 

19.3 

15 

0.14 

0.13 

0.13 

1.08 

1.00 

24 

1.81 

1.14 

0.94 

1.93 

1.21 

26.5 

25 

4.13 

3.06 

3.62 

1.14 

0.85 

19.3 

26 

23.9 

22.8 

23.5 

1.02 

0.97 

13.5 

27 

25.0 

24.9 

25.7 

1.03 

0.97 

14.1 

28 

40.5 

43.8 

43.4 

0.93 

1.01 

10.5 

29 

0.85 

1.01 

1.08 

0.79 

0.94 

— 

4 

.i  c-aHs 

12 

0.21 

0.15 

0.019 

11.05 

7.89 

13 

0.24 

0.16 

0.045 

5.33 

3.56 

14 

0.46 

0.29 

0.15 

3.07 

1.45 

15 

1.21 

0.94 

0.63 

1.92 

1.49 

^17 

16 

0.024 

0.03 

0.023 

1.04 

1.30 

19 

1.18 

n  m  * 

0.17 

6.90 

19 

k 

0.63 

°t  ea 

0.097 

6.49 

20 

0.91 

s 

u 

0.23 

3.96 

20 

h 

0.16 

r 

e 

,  0.063 

2.54 

21 

0.01 

0.004 

2.50 

24 

0.15 

0.13 

0.012 

12.5 

10.8 

25 

0.42 

0.26 

0.11 

3.82 

2.36 

26 

2.84 

2.08 

1.84 

1.54 

1.13 

14.5 

27 

12.4 

10.6 

10.5 

1.18 

1.01 

15.3 

28 

14.3 

17.8 

18.7 

0.76 

0.95 

11.8 

29 

23.6 

29.4 

31.3 

0.75 

0.94 

12.2 

30 

0.54 

0.52 

0.70 

0.77 

0.74 

36 

0.57 

0.36 

0.10 

5.70 

3.60 

37 

2.16 

1.42 

0.86 

2.51 

1.65 

38 

2.74 

1.84 

1.39 

1.97 

1.32 

39 

8.07 

5.76 

5.50 

1.48 

1.05 

^17 

40 

1.10 

0.88 

0.67 

1.64 

1.31 

14.8 

41 

5.03 

4.75 

4.82 

1.04 

0.99 

14.1 

42 

1.56 

1.72 

1.79 

0.87 

0.96 

12.3 

43 

7.90 

9.25 

9.77 

0.81 

0.95 

11.7 

44 

11.1 

12.2 

10.6 

1.05 

1.15 

11.2 

45 

0.35 

0.39 

0.39 

0.90 

1.00 

5 

.  n-Ci+II i  o 

12 

0.11 

0.04 

0.004 

27.5 

10.0 

13 

0.10 

0.06 

0.01 

10.0 

6.00 

14 

0.24 

0.20 

0.055 

4.34 

3.64 

15 

1.04 

0.75 

0.39 

2.67 

1.92 

16.5  - 

16 

0.015 

0.015 

0.013 

1.15 

1.15 

19 

0.033 

0.019 

0.003 

11.0 

6.33 

19 

h 

0.008 

0.011 

0.003 

2.67 

3.67 

* 


Due  to  an  oversight,  these  peaks  were  not  scanned  in  the  mass 
spectrum. 
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TABLE  3.2  continued. 


C, H. .  continued 

4  10 


m/e 

5  0  kev 
protons 

100  kev 
protons 

55  ev 
electrons 

50  kev  p 

55  ev  el 

100  kev  p 
55  ev  el 

A.  P . 

(ev) 

20 

0.015 

0.019 

0.003 

5.00 

6.33 

20  h 

0.008 

— 

— 

— 

- 

24 

0.088 

0.074 

0.005 

17.6 

14.8 

25 

0.45 

0.30 

0.031 

14.5 

9.68 

25  h 

0.45 

0.34 

0.031 

14.5 

11.0 

26 

2.59 

1.87 

0.96 

2.70 

1.95 

26  h 

0.055 

0.045 

0.013 

4.23 

3.46 

27 

10.7 

9.34 

9.62 

1.11 

0.97 

14.4 

27  H 

0.015 

0.024 

0.006 

2.50 

4.00 

28 

8.70 

8.74 

9.69 

0.90 

0.90 

11.5 

29 

11.5 

11.9 

13.5 

0.85 

0.88 

12.1 

30 

0.26 

0.28 

0.31 

0.84 

0.90 

36 

0.16 

0.13 

0.009 

17.8 

14.4 

37 

0.76 

0.47 

0.19 

4.00 

2.47 

38 

1.01 

0.63 

0.47 

2.15 

1.34 

39 

5.28 

3.78 

3.85 

1.37 

0.98 

15.9 

40 

0.71 

0.57 

0.55 

1.29 

1.04 

41 

10.2 

10.2 

10.3 

0.99 

0.99 

13.2 

42 

4.2 

4.98 

4.49 

1.07 

1.11 

11.0 

43 

28.1 

32.5 

36.4 

0.77 

0.89 

10.9 

44 

0.94 

1.04 

1.23 

0.76 

0.85 

45 

0.007 

0.011 

0.017 

0.41 

0.65 

48 

0.088 

0.082 

0.006 

14.7 

13.7 

49 

0.46 

0.30 

0.063 

7.30 

4.76 

50 

1.02 

0.68 

0.35 

2.91 

1.94 

51 

0.61 

0.41 

0.35 

1.74 

1.17 

52 

0.11 

0.082 

0.095 

1.16 

0.86 

53 

0.38 

0.27 

0.32 

1.19 

0.84 

54 

0.08 

0.074 

0.08 

1.00 

0.94 

55 

0.44 

0.42 

0.38 

1.16 

1.11 

56 

0.29 

0.28 

0.30 

0.98 

0.93 

12.5 

57 

0.90 

1.13 

0.99 

0.91 

1.13 

12.1 

58 

7.23 

7.44 

5.18 

1.40 

1.44 

10.8 

59 

0.30 

0.33 

0.23 

1.33 

1.44 

. 


(  . 

€  -0.0 

> 

.  " 

.c 

76 


The  relative  abundances  (R.A.'s)  are  given  as  per  cent  of  the  total 
ionization.  The  mass  spectra  by  55  ev  electrons  are  presented  for 
comparison  in  Table  3.2  with  the  spectra  due  to  100  kev  protons. 

At  these  energies  the  velocity  of  the  protons  and  electrons  are 
identical  —4.4  x  10^  cm/secv  which  is  equal  to  twice  the  Bohr 
velocity. 

It  can  be  seen  that  the  proton  and  electron  impact 
spectra  are  quite  similar.  This  is  particularly  true  for  the 
ions  of  high  relative  abundance.  This  result  was  expected  on 
basis  of  the  predictions  from  the  Born-Bethe  relationships 
discussed  in  the  introduction  (Sec.  1.5).  In  order  to  get  a  more 
quantitative  measure  of  the  relative  agreement  between  the  electron 
and  proton  spectra  we  can  define  the  deviation: 

6  =  R,  A.  (protons)  -  1  (3.2) 

R.  A.  (electrons) 

where  R. A.  (proton)  is  the  relative  abundance  of  a  given  ion  in  the 
proton  spectrum  and  R. A.  (electron)  the  abundance  of  the  same 
ion  in  the  electron  spectrum.  If  we  consider  a  deviation 
6  <  0.1  as  an  agreement  with  the  predictions  we  can  compute 

the  percent  of  the  ions  that  agree  with  the  Born-Bethe  relation¬ 
ship.  These  values  are  shown  in  Table  3.3.  It  can  be  seen  that 
for  methane,  acetylene,  ethylene  and  ethane  more  than  93%  of 
the  ions  show  agreement.  Slightly  larger  deviations  are  observed 
for  propane  and  butane.  Thus  we  can  conclude  that  the  extension 
of  the  Bethe  equation  to  molecular  ionization  and  fragmentation, 
is  valid  as  a  fair  approximation  for  ionization  at  particle  velocities 
double  the  Bohr  velocity.  Similar  conclusions  have  been  derived  from  a 
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TABLE  3 . 3 

Comparison  between  55  ev  electron  and  100  kev  proton  spectra 


Percentage  of  ion 

yields  of  fragments  for  which  deviation  is  <_  0.1* 

Molecule 

%  of  Total  Ions 

ch4 

93% 

c2h2 

93 

c2h4 

93 

c2h6 

98 

c3h8 

80 

n— C4H i o 

84 

*  The  deviatior 

p  .  ,  ...  ,  r  R.A.  (protons)  _-i 

l  6  is  defined  as  6  =  - - — -  1 

R.A.  (electrons) 

The  deviation  6  is  defined  as  6 
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IL 

mass  spectral  study  using  low  energy  (10-70  ev)  electrons. 

,  .  .  .  1  7 

As  was  mentioned  m  the  introduction,  Abbd  and  Adloff 

have  studied  mass  spectra  in  the  proton  energy  range  200  *  1200 

15  16 

kev  and  Wexler  and  Schuler  and  Stuber  have  used  2  Mev  protons. 

All  these  authors  found  relatively  good  agreement  between  the  mass 
spectra  obtained  with  protons  and  electrons.  Furthermore,  since 
the  spectra  change  little  with  proton  energy, the  fragmentation 
patterns  obtained  by  all  workers  are  qualitatively  very  similar. 

Thus  the  A.P.I.  mass  spectral  tables  with  50  -  70  ev  electrons  are 
a  guide  to  the  ionic  fragmentation  induced  by  charged  particles 

Q 

with  velocities  about  4x10  cm/sec. 

It  is  of  interest  to  turn  now  to  the  deviations  between 
proton  and  electron  spectra  and  also  to  the  changes  resulting 
from  a  variation  of  the  proton  velocity.  Considering  first  our  own 
results,  an  inspection  of  Table  2.2  shows  that  the  largest 
differences  between  the  proton  and  electron  spectra  occur  for 
fragments  which  are  formed  by  a  succession  of  decomposition  reactions 
and  have  high  appearance  potentials.  In  all  cases  these  fragments 
are  of  higher  relative  abundance  in  the  proton  spectra.  This  effect 
is  even  larger  in  the  50  kev  spectra.  Taking  ethane  as  an  example, 
we  see  that  going  from  m/e  30  to  24  the  deviations  are  initially 
relatively  small,  but  increase  rapidly  with  decrease  of  mass  and 
increase  of  appearance  potential  (A.P.).  Thus  at  mass  24  (A.P. 

31.6  ev)  the  proton  spectra  abundances  are  3.6  (100  kev)  and  4.2 
(50  kev)  times  higher  than  those  obtained  by  electron  impact. 

r 

Similarly  at  m/e  15  to  12  we  find  nearly  equal  abundances  at  mass  15. 
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The  deviations  then  gradually  increase  such  that  at  m/e  =  12  (A.P.  30.5 
ev)  the  proton  abundances  are  2.4  (100  kev)  and  4  (50  kev)  times  higher 
than  the  electron  impact  values.  Even  bigger  effects  are  observed 
with  some  other  molecules.  Thus  in  the  proton  n-Butane  spectra  m/e  = 

12  is  10  (100  kev)  and  28  (50  kev)  times  higher  than  in  the  electron 
spectra . 

The  doubly  charged  ions  (A.P. 1 s  =  30  -  40  ev)  are  also  found 
in  much  higher  abundances,  with  the  effect  again  being  larger  at  50  kev 
than  at  100  kev.  The  proton  impact  abundances  are  generally  2  to  3  times 
higher  but  the  ratio  in  some  cases  is  as  high  as  10.  Apart  from  the 
half  integral  mass  peaks,  some  integral  mass  peaks  are  undoubtedly 
partially  due  to  doubly  charged  ions.  For  example,  in  the  ethylene  mass 
spectrum/m/e  =  14  could  be  C.,HL|++  or  CH?,‘  although  one  has  no  way  to  dis¬ 
tinguish  between  the  ions.  We  have  one  example,  in  the  spectra  of 

acetylene,  that  shows  that  an  integral  peak,  namely  m/e  =  13  is  caused 

12  13  ++ 

partially  by  doubly-charged  ions.  The  ion  m/e  =  13  1/2  is  C  C  H„ 
of  R. A.  0.09%  for  100  kev  protons.  Since  this  is  the  doubly  charged 
isotope  peak  of  the  acetylene  molecule  ion,  the  R. A.  of  m/e  =  13 
should  be  4.1%  due  to  C2 H2 ++  and  1.4%  due  to  CH? +  since  m/e  =  27  is 
2.2%  of  m/e  =  26.  Ions  of  m/e  =  13  1/2  and  13  increase  for  50  kev 
protons  indicating  increased  formation  of  doubly-charged  ions.  Doing 
similar  calculations,  we  find  that  the  R.A.  of  C2 H2 is  1.4%  for  55  ev 
electron  impact  and  5.0%  for  50  kev  proton  impact.  In  butane  we 
observe  a  very  small  C3  H5 ++  (m/e  =  20  1/2)  of  R.A.  0.008%  for 
50  kev  protons.  This  is  not  observed  for  100  kev  protons 
(within  limits  of  detectability)  nor  for  55  ev  electron  impact. 

Wexler  1  5  using  2.2  Mev  protons  found  that  the  fragments 
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of  high  appearance  potential  were  produced  in  an  abundance  which 

was  lower  than  that  obtained  with  electrons  of  the  same  velocity. 

1  6 

However,  Schuler  at  the  same  energies  found  quite  the  opposite 
effect,  namely  that  these  fragments  arei  of  higher  abundance  in 
the  proton  spectra.  This  brings  out  an  unfortunate  fact  of  mass 
spectral  measurements,  namely  that  the  spectral  patterns  and 
particularly  the  abundances  of  ions  with  high  initial  kinetic 
energies  are  dependent  on  ion  repeller,  ion  extraction  and 
mass  analysis  conditions, Schuler 1 s  study  was  also  done  with  a  time- 
of-flight  mass  spectrometer,  whereas  the  present  study  and  that  of 
Wexler  was  done  with  conventional  magnetic  deflection  instruments. 

A  study  of  the  repeller  effect  and  the  kinetic  energies  of  ionic 

4  9  5  0 

fragments  has  been  made  by  Taubert  and  Bracher  et  al  .  It  is 

found  that  the  high  appearance  potential  fragments  have  highest 

initial  kinetic  energies  so  that  their  relative  abundances  might  be 

expected  to  vary  most  with  experimental  conditions.  Undoubtedly  part 

of  the  difference  between  Wexler' s  and  Schuler's  results  is  due  to 

such  instrumental  factors.  Therefore  a  sensible  comparison  between 

experiments  from  different  laboratories  can  be  made  only  if  the  general 

experimental  conditions  are  similar.  Such  similarity  in  conditions 

^  17,51  15 

exists  in  the  arrangements  used  by  Abbe  and  Adloff/  Wexler^  and 

ourselves.  These  results  have  been  combined  for  some  representative 
ions  of  the  ethylene  spectrum  in  Fig.  3.9.  The  proton  energy 
range  covered  is  from  0  to  2.5  Mev.  It  can  be  seen  that  the  points 
from  the  different  laboratories  are  mutually  consistent.  The 
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F IGURE  3 . 9 


Fragmentation  Pattern  Dependence  on  Proton  Velocity 

(Energy)  for  Ethylene 
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plot  shows  clearly  the  relative  constancy  of  the  high  abundance 
peaks  (m/e  28  and  27)  and  the  significant  increase  of  the  high 
appearance  potential  peaks  (m/e  25  and  24)  in  the  proton  energy 
range  100  -  10  kev. 

The  increase  of  high  appearance  potential  peaks  in  the 
100  -  10  kev  region  must  be  due  either  to  a  gradual  change  in  the 
nature  of  the  simple  ionization  process  or  to  the  increasing 
importance  of  charge  transfer,  or  to  both.  With  decrease  of 
proton  velocity  the  simple  ionization  can  begin  to  occur  through 
a  "strong  interaction  complex"  in  which  multiple  electron  excita- 

52 

tion  might  be  expected.  Unfortunately  we  can  not  separate 
the  influence  of  this  effect  from  the  changes  induced  by  the 
increased  importance  of  charge  transfer.  However,  some  interest¬ 
ing  general  deductions  on  the  charge  transfer  interaction  can 
be  made.  As  was  shown  in  the  first  part  of  the  discussion.  Sec.  (3.4) 
charge  transfer  represents  some  30%  of  the  total  ionization  at 
50  kev  proton  energy.  At  lower  proton  energies  charge  transfer  will 
become  the  major  process.  What  are  then  the  charge  transfer  mass 
spectra  at  these  velocities?  The  charge  transfer  mass  spectra  obtained 

with  protons  up  to  1000  ev  energy  are  well  known  from  the  work  of 

0 

Lindholm  and  others.  Inspection  of  the  spectra  in  Table  3.2  shows  that 
the  charge  transfer  spectra  at  some  10  -  100  kev  must  be  drastically 

different.  This  is  best  seen  in  the  case  of  methane.  Charge  transfer 

53 

from  H  produces  only  CH^  *  at  energies  up  to  900  ev.  Thus,  one  can 
easily  compute  a  spectrum  composed  of  say  40%  charge  transfer  ioniza¬ 
tion  (leading  exclusively  to  CH^+)  and  60%  simple  ionization. 
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Such  a  computed  spectrum  is  shown  in  the  methane  section  of 

Table  3.2.  The  100  kev  proton  spectrum  was  used  to  represent 

the  simple  ionization  fragmentation.  Comparison  of  the  50  kev 

spectrum  with  the  computed'  one  shows  that  there  is  no  similarity 

between  them.  Another  simple  example  that  charge  transfer  spectra 
8 

at  10  cm/sec  velocities  are  very  different  can  be  obtained  from 

„  1  7 

the  results  of  Abbe  and  Adloff.  These  authors  give  spectra  of 

ethylene  obtained  with  Ar+  at  200  kev.  The  velocity  of  Ar+  at 

O 

200  kev  is  only  0.8  x  10  cm/sec.  We  expect  that  at  this 

velocity  charge  transfer  should  represent  at  least  50%  of  the  total 

ionization.  Charge  transfer  from  Ar+  to  ethylene  at  low  energies 

5 1  + 

(0-900  ev)  produces  almost  exclusively  C0H3  (75%)  and  C?H2 
(20%) .  The  abundance  of  these  peaks  in  the  200  kev  spectrum 
obtained  by  Abbe  is  not  higher  than  that  observed  with  100  kev 
protons  or  50  ev  electrons.  Therefore  we  conclude  that  charge 

p 

transfer  spectra  with  projectiles  of  velocities  around  10  cm/sec 
do  not  depend  strongly  on  the  recombination  energy  of  the  charge 
acceptor  but  rather  resemble  spectra  obtained  by  pure  ionization. 
This  observation  can  be  partially  understood  on  basis  of 
the  Massey6  adiabatic  criterion  which  was  discussed  in  Sec.  1. 5  B 
of  the  Introduction.  The  equation  predicting  a  maximum  charge 
transfer  cross  section  may  be  written 


h  v 


a  AE 


=  1 


(3.3) 


max 


Here  AE  is  the  energy  defect  that  would  lead  to  a  maximum  cross 
max 
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section  for  protons  of  velocity  v.  The  situation  for  polyatomic  mole¬ 
cules  is  special  since  one  has  almost  continuous  "accidental"  resonance, 
due  to  the  large  number  of  available  excited  states  in  the  molecular 

ion.  Thus  with  increase  of  projectile  velocity  one  can  expect  a 
* 

broadening  of  the  imparted  energy  to  values  higher  and  lower  than 

the  recombination  energy  of  the  primary  ion.  For  protons  of  50  kev 

acceleration,  equation  (3.3)  predicts  a  aE  of  25  ev.  (a,  the 

max 

adiabatic  parameter,  is  taken  as  7^)  .  Adding  13.6  ev,  as  a  tenta¬ 
tive  recombination  energy  for  H+,  we  obtain  an  imparted  energy  of 
39  ev.  We  do  not  know  what  the  fragmentation  patterns  due  to  such 
a  high  imparted  energy  would  look  like.  However,  information  for 
somewhat  lower  imparted  energies  is  available  from  the  low 
velocity  charge  transfer  spectra  with  He+  (R.E.  25  ev) . 

These  fragmentation  patterns  are  generally  characterized  by 

very  low  molecular  ion  abundance.  For  example,  the  charge 

53 

transfer  spectrum  of  methane  produced  with  low  velocity 

He+  is:  CH,+  0,  CH_  +  5,  CH-  +  72,CH+  23,  C*  0%. 

4  ^ 

Taking  such  a  spectrum  as  a  rough  guide  to  the  fragmentation 
for  even  higher  imparted  energies  we  could  assume  that  the 
increased  abundances  of  the  high  appearance  potential  peaks  in 
the  50  kev  proton  spectra  might  be  due  to  charge  transfer. 

Also  the  doubly  charged  ions  which  have  appearance  potentials 

*  The  effect  of  such  broadening  is  evident  already  in  the 

proton  spectra  of  Lindholm8  taken  with  1  kev  proton  energies 

q 

(v=  0.4  x  10  cm/sec). 
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in  the  30  -  40  ev  range  might  be  due  to  transfer  ionization,  Reaction 
(3.4),  and  charge  transfer  followed  by  autoionization.  Reaction  (3.5). 
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The  fragmentation  pattern  of  CH.  with  50  kev  protons  and  CnH 

4  2  4 

with  200  kev  Ar+  is  clearly  incompatible  with  some  30  -  40% 

contribution  from  charge  transfer  spectra  with  imparted  energies 

larger  than  20  ev  since  it  was  observed  that  the  major  peaks 

in  the  high  velocity  charge  transfer  spectra  must  have  abundances 

similar  to  those  produced  by  simple  detachment  ionization.  It  must 

therefore  be  concluded  that  the  energies  imparted  to  the  charge 

acceptor  are  spread  over  a  considerable  range  such  that  the 

of  imparted  excitation 

resulting  energy  distribution's  not  too  different  from  that 
occuring  in  simple  ionization.  The  Massey  criterion  as  we 
applied  it  to  polyatomic  molecules  thus  predicts  a  broad  range 
of  excitation  energies  but  is  not  useful  for  quantitative  prediction 
of  the  charge  transfer  mass  spectra  at  high  relative  velocities. 
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4.  ION-MOLECULE  REACTIONS  IN  METHANE 
4 . 1  Introduction 

A.  Previous  results 

Ions  which  are  due  to  reaction  of  a  primary  methane  ion 

with  a  neutral  molecule  have  been  observed  as  long  ago  as  1940  by 

G.C.  E  It  ent  on  J 'r  .  The  reaction  discovered  was 
+  + 

CHlf  +  CHl  +  CH5  +  CH3  (4.1) 

In  1952  this  reaction  was  rediscovered  by  Tal'roze21  .  Following 

the  rediscovery  of  this  reaction  and  the  reports  of  Stevenson  and 

Schissler  2  2/  5  5  that  the  protonated  methane  ion^CH^is  formed  via 

a  very  large  cross  section  ion -molecule  reaction  of  the  parent  ion 
+ 

CH 4  with  methane,  ionic  reactions  in  methane  have  been  extensively 
investigated29^  56~64  .  Except  for  the  very  recent  studies62*”64 

all  other  studies  2  9/  5  6—6  1  were  done  with  conventional  electron 
impact  ion  source  mass  spectrometers.  Of  those  using  electron  impact 
ionization.  Field  and  Munson61  have  reported  one  of  the  more 
definitive  studies  of  the  methane  system  to  date.  They  also  reached 
the  highest  ion  source  pressure  (up  to  2  torr)  that  has  been 
studied  using  conventional  electron  impact.  After  the  research  to 
be  reported  in  this  chapter  on  the  methane  system  was  completed,  a 
study  by  Wexler  and  co-workers  62  of  ion-molecule  reactions  in 
methane  up  to  0.7  torr  using  a  2  Mev  proton  beam  for  the  ionizing 
medium  was  published. 

In  contrast  experimentally  to  these  studies29*  56-62 
Abramson  and  Futrell63  have  used  a  tandem  mass  spectrometer  arrange- 
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ment  (external  ionization  method)  in  which  primary  ions  are  pre¬ 
selected  by  the  first  mass  spectrometer  to  then  enter  the  collision 
chamber  (ion  source)  of  the  second  mass  spectrometer  where  the  products 
of  ion-molecule  reactions  are  mass  analyzed.  Ion  source  (collision 
chamber)  pressures  here  are  in  the  1  to  10  millitorr  range. 

Using  the  near-atmospheric  alpha  particle  mass  spectrometer 
in  these  laboratories,  Kebarle  and  Haynes64  have  studied  the  ion- 
molecule  reactions  in  the  alpha  particle  radiolysis  of  methane  from 
one  torr  to  almost  200  torr. 

From  all  these  studies  it  is  now  agreed  that  the  three  main 

primary  ions  from  methane/i.e.  CH4+,  CH3  +  and  CH2  +  react  rapidly 

—9 

with  methane  (with  rate  constants  k's  *  1-2  x  10  cc/molecule-sec. ) 59 
to  give  the  secondary  ions  in  the  following  reactions 


ch4  + 

+ 

ch4 

-> 

ch5  + 

+ 

ch3 

(4.1) 

+ 

ch3 

+ 

ch4 

C2H5  + 

+ 

h2 

(4.2) 

+ 

CH2 

+ 

CH4 

-► 

C2H4  + 

+ 

H2 

(4.3) 

-v 

c2h3  + 

+ 

h2+  h 

(4.4) 

Concerning  reactions  of  the  secondary  product  ions,  Wexler 
and  Jesse29  found,  in  their  study  at  pressures  up  to  0.4  torr  methane, 
that  the  yield  of  C9H5  +  increased  slowly  up  to  0.4  torr  while  the 
intensity  of  CH5+  decreased  after  a  maximum  at  0.15  torr.  It  was 
suggested  that  CH5+  was  reacting  with  methane  to  yield  C2H5.+  In 
contrast.  Field,  Franklin  and  Munson 5 9  found  inverse  behaviours  in 
the  same  pressure  range,  suggesting  that  a  process  forming  CH5  + 
at  the  expense  of  C2H5  +  was  occuring.  However  in  their  recent  study 
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at  ion  source  pressures  up  to  2  torr,  Field  and  Munson61  found  no  net 

conversion  of  C2H5+to  CH5+  or  vice  versa  and  furthermore  suggested  that 

these  main  product  ions  if  reactive  at  all  with  methane^ had  rate 

-12 

constants  for  further  reaction  of  k  < 10  cc/molecule-sec .  Futrell 

and  Abrams oi^  3have  confirmed  these  results  at  much  lower  pressures 
showing  that  CH5+  and  C2H5  +  are  very  unreactive  in  methane. 

Of  the  secondary  products  ions  produced  by  reactions  (4.1) 
to  (4.4)/only  C2H3+  appears  to  react  further  with  methane  as  given  by 


C2H3+  +  CH  4  -  C3Hb+  +  H? 

Field  and  Munson61  have  suggested  that  CH3+  also  reacts 

the  reaction 


(4.5) 

further  in 


CH3+  +  2CHU  +  C3H7+  +  2  H2  (4.6) 

although  the  actual  mechanism  of  (4.6)  does  not  appear  to  have  been 
established.  Therefore,  apart  from  the  vinyl  ion,  all  the  other 
product  ions  CHr+,  C?Hr>+,  C2H4+,  C3HS  +  and  C3H7+  appear  to  be  inert 
in  methane. 

B.  Scope  of  present  study 

Since  using  the  100  kev  proton  beam  through  thin  foils  is 
a  rather  new  method  in  studies  of  ion-molecule  reactions,  it  was 
decided  to  study  first  the  well-known  system  methane  as  a  test  and 
hopeful  confirmation  of  the  technique.  The  ion  source  pressure 
range  studied  was  0  to  2.2  torr.  Since  two  recent  studies61'62  have 


been  carried  out  in  the  same  pressure  range  and  also  using  the 
internal  ionization  method  (see  Chapter  1,  Part  II),  comparisons  can 
be  made.  Both  the  confirmation  of  the  technique  of  using  this  new 
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ionizing  medium  and  strengthening  of  the  previous  observations 
could  be  possible. 

4. 2  Results 

The  main  ions  observed  in  the  present  work  at  pressures 
up  to  2.2  torr  of  methane  are  plotted  in  Figs.  4.1  and  4.2.  The 
main  product  ions  observed  are  CH5+  and  C2H5*  which  comprise 'v  87% 
of  the  total  ionization  at  pressures  above  0.1  torr.  Lesser  amounts 

+  .j.  +  -I- 

of  C2H3  ,  C2H4  ,  C3H5  and  C3H7  are  observed  with  their  yields  varying 
with  pressure.  Qualitatively  the  data  are  very  similar  to  previous 
work  6  6  2 

Water  was  present  as  an  impurity/  as  shown  by  the  appear- 

+ 

ance  of  H3O  in  the  spectrum,  the  intensity  of  which  rose  from  0.3% 
at  0.1  torr  to  5%  at  1  torr.  In  tabulating  the  spectra^ the  contribu¬ 
tion  of  m/e  =  19  (h35)  was  omitted.  Since  some  measures  were  taken 
to  remove  water  from  the  methane  coming  from  the  cylinder  (see  Sec.  2.6)^ 
this  impurity  could  possibly  have  come  from  the  gas  handling  system 
which  was  not  bakeable.  Field  and  Munson61  and  Haynes  and  Kebarle64 
have  also  observed  ions  due  to  small  concentrations  of  water 
impurities  in  their  experiments  with  methane. 

From  Figs.  4.1  and  4.2  we  can  see  that  CH5 +,  C2H3+, 

C2H4+,  C2H5+,  C3H5+  and  C3H7  +  are  essentially  the  only  product 
i  on  s^  since  at  all  pressures  above  ca.  0.1  torr  these  ions  total 
over  97%  of  the  total  ionization.  Other  ions  of  higher  mass  than 
the  primary  ions  are  also  observed.  These  are  C?H7+,  C3H3  +,  C3H4+, 

C0Hr+  and  C,Hn+.  However  these  ions  exhibit  no  particular  pressure 

o  b  4  y  f 

dependence  and  individually  are  never  more  than  about  0.2%  of  the 
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FIGURE  4.1 

Relative  Abundances  of  Product  Ions  in  Methane  as  a 
Function  of  Ion  Source  Pressure 

The  rapid  decrease  of  the  primary  ions  CH4  + 
and  CH3  +  with  increasing  pressure  due  to  ion-molecule 
reactions  is  also  indicated  in  the  figure. 
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F IGURE  4 . 2 


Variations  with  Pressure  of  Relative  Abundances  of  some 

Ions  in  Methane 

The  rapid  decrease  of  the  primary  ion  CH2+ 
due  to  ion-molecule  reactions  in  methane  is  indicated, 
as  well  as  variations  of  some  lesser  product  ions  with 
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total  ionization.  Although  not  in  the  background  (no  methane  present) 
spectrum  it  is  not  certain  whether  these  ions  are  actually  due  to 
ion-molecule  reactions  with  methane  or  possibly  with  heavier  hydro¬ 
carbon  impurities. 

4. 3  Determination  of  Reaction  Cross  Sections 

The  determinations  of  cross  sections  for  reaction  of 
primary  and  secondary  ions  with  gas  molecules  in  the  ion  source 
were  made  using  Wexler's  "beam  model"29,  62  Lampe,  Franklin  and 
Field31  have  developed  a  kinetic  method  from  which  reaction  rate 
constants  or  ratios  of  these  rate  constants  may  obtained.  Their 
approach  is  based  on  considerations  of  steady-state  concentrations 
of  collision  complexes.  Both  approaches  can  yield  equivalent 
results  for  primary  and  secondary  ions  at  least.  Wexler's  "beam 
model"  possibly  gives  a  clearer  physical  picture  of  the  interactions 
(reactions)  that  take  place  as  a  beam  of  ions  (formed  in  the  plane 
of  the  ionizing  beam  of  electrons  or  protons,  etc.)  is  swept  by  the 
repeller  field  through  the  gas  medium  toward  the  ion  source  exit 
slit.  The  beam  of  primary  ions  will  be  decreased  in  an  exponential 
fashion  as  these  ions  react  with  gas  molecules.  The  intensity  of 
primary  ions  at  the  exit  slit  will  be 


t 

_Qpn£ 

e 


(4.7) 


where  I®  is  the  (initial)  intensity  of  the  species  in  the  plane 
P 

of  ionization  at  a  distance <i  (cm)  from  exit  slit,  n  is  the  con¬ 
centration  of  gas  (in  molecules/cc)  and  is  the  total  cross  section 
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n 

in  cm  /molecule  for  the  reaction  of  primary  ions  with  the  gas. 

Taking  logarithms  of  both  sides  of  equation  (4.7)  we 

obt  a  in 

In  Ip  =  in  Ip»  -  Qpnjt  (4.8) 

A  plot  of  Log  I  versus  gas  concentration,  n,  should  be  a  straight 

r 

line  of  slope  equal  to-Q*"  i/2 . 303 . 

P 

Each  species  of  secondary  ions  formed  as  products  of 
reactions  of  primary  ions  with  the  gas  will  move  toward  the  exit 
slit,  this  "beam"  also  being  attenuated  by  interactions  with  neutral 
molecules.  The  change  of  intensity  of  a  secondary  product  species 
at  any  point  x  between  point  of  origin  of  primary  ion  and  the  exit 
is  a  balance  between  its  formation  and  reaction 


dl 


s 


dx 


I  Q  n  -  I  Q  .  n 
p  p  s  s 


(4.9) 


where  I_  is  the  secondary  ion  current  at  exit  slit,  Q  is  the  partial 
s  p 

cross  section  of  the  primary  ion  leading  to  the  secondary  ion  of 

t"  O 

interest,  and  Q  is  the  total  reaction  cross  section  in  cm  /molecule 

s 

of  this  secondary  species.  Upon  integration  between  the  proper 
limits  one  obtains 
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(4.10) 


According  to  Eq.  (4.10),  the  yield  of  a  secondary  ion 


should  rise  with  pressure,  reach  a  maximum  and  then  decrease.  At 
higher  pressures  the  first  exponential  term  of  Eq.  (4.10)  will  be 
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negligible  compared  to  the  second  if  Qt  ^  and  I  will  show  an  exponen- 

s  p  s 

tial  decrease  in  pressure.  Then  the  cross  section  Q*'  can  be  obtain- 

s 

ed  from  a  semilogarithmic  plot  of  secondary  ion  intensity  vs  n/ 
analogous  to  the  treatment  for  primary  ions. 

Equations  can  be  given  for  tertiary  and  higher  order  ions, 
but  the  experimental  results  do  not  yield  the  cross  sections  of 
interest  easily  from  the  equations  relating  product  ion  intensity, 
n,  £  and  cross  sections. 

The  rate  constants  k  can  be  obtained  from  the  reaction  cross 
section  by  means  of  the  equation 


where  e  is  the  charge  of  the  electron,  Er  is  the  repeller  field 
strength  and  m^  is  the  mass  of  the  ion  disappearing  by  further 
react  ion . 

In  Eqs.  (4.7),  (4.8)  and  (4.10)  the  I's  are  written 

as  absolute  intensities  but  since  I  •  increases  with  increasing  gas 
pressure,  I  and  I  must  be  normalized.  Thus  we  take  the  fractional 

hr  ° 

the 

intensity  as. per  cent  of  the  total  ionization  rather  than  absolute 
intensities  or  peak  heights.  We  assume  that  all  ions  are  collected 
with  equal  efficiency  and  that  the  ions  collected  and  measured  are 
proportional  to  the  ion  concentrations  at  the  ion  source  exit  slit. 

The  cross  sections  for  reactions  of  some  primary  and 
secondary  ions  with  methane  are  given  in  Table  4.1.  Also  given  are 
the  results  of  Wexler  et  al62  with  £=  1.0  cm,  using  a  2Mev  proton 
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TABLE  4.1 


\ 


Total  Reaction 

Cross  Sections 

of  Ions  with 

Methane 

(units  of  10”16  cm 

2  r”' 

/molecule) 

Ions 

Present  work 
(11  V/cm)* 

Waxier62 
(12.3  V/cm) 

Wexler2  9 
(12.5  v/cm) 

Field5  9  *  6 1 
(6.25  V/cm) 

CH+ 

45 

14 

45 

56 

ch2+ 

39 

15 

36 

41 

ch3+ 

23 

21 

27 

29 

ch/ 

29 

23 

39 

38 

ch5+ 

very  email 

0.1 

1.6 

<0.07 

c2h3+ 

4.0 

5.0 

10 

6 

c2h4+ 

very  small 

<0.1 

1.9 

<0.2 

C2Hj  + 

small 

<0.06 

<0.1 

<0.07 

* 


Repeller  field ,  strength 


. 


> 

. 

• 

■ 
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beam,  Wexler  and  Jesse  2  9  with  *,=  0.32  cm  and  Field  et  al59/  61 
with  o  =0.20  cm.  All  studies  except  those  of  Wexler  et  al62 
used  an  electron  beam. 

There  is  a  certain  amount  of  scatter  among  the  reaction 
cross  sections  measured  by  various  workers.  All  these  cross 
sections  are  macroscopic  or  phenomenological  cross  section  which 
rea l]y  measure  weighted  mean  reactivities  dependent  on  velocities  and 

the  internal  energies  of  reactant.  Experimental  parameters  such  as 
repeller  field  strength,  mean  distance  of  travel  of  ions,  source 
temperature,  and  space  charge  may  influence  the  magnitudes  of  the 
cross  sections.33  Although  the  present  cross  sections  agree 
better  with  the  results  of  Field  et  al59/  61/  the  partial  agreement 
is  probably  not  particularly  significant  since  none  of  the  cross 
sections  measured  give  information  on  what  is  the  small  scale  or 
microscopic  behaviour  of  ions  in  the  mass  spectrometer  ion  source. 

In  Table  4.2  the  reaction  rate  constants  calculated  from 
our  cross  sections  with  the  use  of  Equation  (1.29)  '  are  tabulated. 
The  results  of  Field  and  co-workers59/61  are  also  tabulated  for 
comparison.  There  is  a  close  correspondence  between  the  two  sets 
of  rate  constants.  As  a  matter  of  interest  reaction  rate  constants 
have  been  calculated  from  Wexler 's  2  Mev  proton  beam  cross  sections. 
The  comparison  of  the  three  sets  of  rate  constants  partially  confirms 
that  there  is  no  observable  temperature  dependence  of  k  since  our 
ion  source  and  Wexler' s  is  at  room  temperature  while  the  ion  source 
temperature  in  the  experiments  of  Field  et  al  is  ca.  200°C. 
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TABLE  4 . 2 

Rate  constants  of  reaction  of  product  ions  with  methane 


k,  (units  of  10 

cc/molecule  sec) 

Ion 

Present  Results 

Field5  9 / 6 1 

Calc,  from 
Wexler6  2 

CH+ 

18.3 

17,4 

8.9 

ch2+ 

14,5 

12.4 

9.7 

ch3  + 

8.7 

8.2 

13,0 

ch4  + 

10.6 

10.3 

13.9 

ch5+ 

very  small 

0.01 

c2h3+ 

1.1 

0.9 

2.3 

c2h4+ 

very  small 

<0.03 

c2h5+ 

small 

<0.01 

£.» 


' 


.  j  i  •  Mi  nc  3  a  i ' 


— -  ,  .  "  -  -  ”  '  *  . ~ — — — ’ - - 


■ 


' 


■ 


- 


98 


4. 4  Discussion  of  Results 

In  general  the  present  results  are  in  reasonable  agree¬ 
ment  with  the  results  of  Field  and  Munson  61  and  agree  qualitatively 
with  the  results  of  Wexler  and  co-workers62  The  present  results, 
those  of  Field  and  Munson^  and  Wexler  and  co-workers  are  all 
studied  in  the  same  ion  source  pressure  range  but  with  different 
ion  path  lengths  i (the  distance  between  ion  source  exit  slit  and 
plane  of  ionizing  beam) ;  also  different  ionizing  media  are  used 
(100  kev  protons,  100  ev  electrons  and  2  Mev  protons  respectively). 
To  facilitate  comparison,  all  three  sets  of  results  are  plotted 
together  in  Figs.  4.3  and  4.4  as  per  cent  of  total  ionization  versus 
p  l  ,  where  p  is  ion  source  pressure  and  z  is  the  ion  path  length 
defined  above. 

Because  of  the  dependence  of  reaction  cross  sections 

u  _  i 

on  ion  exit  energy  as  (E ^Z)  2  or  (Er&)  2  3/  2  5this  comparison 

above  is  probably  only  valid  for  identical  ion  exit  energies  (E^s,)  , 
However  as  an  approximation,  consideration  of  the  three  sets  of 
mass  spectra  as  a  function  of  pi  will  be  more  valid  than  a 
comparison  on  the  basis  of  equivalent  pressures  only.  That  is 
because  lengthening  the  ion  path  length  will  raise  the  number  of 
collisions  an  ion  will  undergo  with  gas  molecules,  as  does  an 
increase  in  pressure.  Also  at  higher  pressures,  E  i  +  kT. 

Comparing  our  results  with  those  of  Field  and  Munson 
first  we  see  that  positions  of  maxima  and  general  shapes  of 
curves  agree  quite  well.  The  possible  exceptions  as  far  as 
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FIGURE  4.3 


Comparison  of  Ionic  Product  Variations  in  Methane 


Solid  Lines:  present  results 


6  2 


Dashed  lines:  Results  of  Wexler  et  al 

6  1 

Dash-dot  lines:  Field  and  Munson 


pa  is  product  of  ion  source  pressure  (torr)  and 


ion  path  length  £ (mm) . 


I 

I 


* 


%  OF  TOTAL  IONIZATION 
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FIGURE  4.4 

Comparison  of  Ionic  Product  Variations  in  Methane 


Solid  lines:  Present  results 


6  2 


Dashed  lines:  Results  of  Wexler  et  al 

0  \ 

Dash-dot-lines:  Results  of  Field  and  Munson 

P&  is  product  of  ion  source  pressure  (torr)  and 


ion  path  length  £(mm) 
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absolute  agreement  are  the  intensities  of  CH^and  C?H5+.  Although 
we  have  not  calibrated  our  electron  multiplier  detector  versus 
Faraday  cup  detection  for  mass  discrimination,  from  previous 
experience  with  another  sector  field  mass  spectrometer  in  these 
laboratories  using  an  identical  electron  multiplier66  and  assum¬ 
ing  a  simple  velocity  discrimination  we  can  calculate  that  the 

.  p 

intensity  of  should  be  corrected  by  a  factor  of  (29/17)  2=1.3. 

Making  roughly  the  same  correction  for  intensities  of  other  higher 
mass  ions  and  renormalizing  the  relative  intensities  in  the  spectrum 

the  corrected  values  of  intensities  CHr+  and  C0H+  above  p£  =  1  torr 

5  2  5 

mm  would  be  about  51%  and  35%  respectively  in  good  agreement  with 
Field  and  Munson.  However  Field  and  Munson  also  used  an  electron 
multiplier  detector  (of  a  different  type)  and  we  do  not  know  if 
the  ion  intensities  in  their  spectra  were  corrected  for  mass  dis¬ 
crimination  in  the  electron  multiplier  or  not. 

All  three  studies  indicated  in  Figures  4.3  and  4.4  show 
that  reactivities  of  CHg  +  and  C?H5+  with  methane  must  be  quite 
smal^ although  the  present  results  indicate  C2H5+  intensity  to 
be  dropping  somewhat  at  higher  pressures  and  Wexler's  data  indicate 
that  the  intensities  of  C9H5+  and  CH5  +  are  dropping  slightly  with 
increasing  pressure.  It  is  thought  that  this  decrease  in 

the  present  results  is  more  apparent  than  real  and  Wexler  and  co¬ 
workers  seem  to  be  of  the  opinion  that  some  CH5+  and  possibly  C2H<;  + 
is  being  lost  through  reactions  with  impurities  and  not  with 
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•  +  4- 

methane  itself.  Since  CH5  and  C2H5  are  essentially  the  only 

•  +  + 

product  ions  from  reactions  of  CHu  and  CH3  respectively,  with 

methane,  the  relative  abundances  (R.A.'s)  of  CH5  +  and  C2H4  + 
should  correspond  to  those  of  CH4+  and  CH3  +  in  the  primary  ion 
spectra  (taken  at  low  pressures)  given  in  Table  4.3.  The  agree¬ 
ment  for  these  two  ions  is  excellent  in  the  results  of  Field 
and  Munson59  and  reasonable  in  our  results  especially  consider¬ 
ing  an  electron  multiplier  correction.  While  finding  reason¬ 
able  agreement  for  the  R. A.  C»Hr+  compared  to  the  R. A.  of  CH0+ 
in  Wexler's  results,  the  R. A .  of  CHs"1"  seems  much  too  low  and 
in  fact  R. A.  CH5  +  is  a  good  factor  of  two  lower  than  R. A. 

CH4+.  The  R.A.'s  of  C2H3  +  and  C3Hs+  at  their  maxima  should  be 
less  than  or  equal  to  the  R. A.  of  CH?  +  in  the  primary  spectra. 
However  they  are  some  20%  while  R. A.  CH2+  is  only  5%.  The 
product  ion  C2H4+  should  also  be  included  since  it  is  a 
product  of  reaction  of  CH2+  with  methane.  This  would  bring 
in  an  even  larger  discrepancy.  Although  Wexler  does  not  give 
the  actual  low  pressure  (primary)  mass  spectrum  of  methane  caused 
by  protons  through  foils  we  can  assume  it  would  be  very  similar 
tohisearlier  2.25  Mev  proton  primary  mass  spectra  taken  without 
foils15  since  there  are  only  minor  variations  in  the  proton 
impact  spectrum  from  some  Mev  to  a  few  kev  (see  Chapter  3,  Part  II) 
At  Wexler's  highest  pressure  plotted  (p  l  =  7  torr-mm) 
the  ions  CH5+,  C2H5+,  C3H5+  and  C3H7+  add  up  to  about  83%  of 
the  total  ionization.  If  we  allow  some  5%  for  C2H4+  then  about 
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TABLE  4 . 3 


Primary  (low  pressure*)  mass  spectrum  of  methane 


ion 

2.25  Me v 
protons 1 5 

100  kev 
protons 
through  foil 

7  0  ev 

electrons  6  1 

c+ 

0.7 

1.8 

1.3 

CH+ 

1.9 

4.2 

3.8 

ch2+ 

5.1 

9.3 

7.6 

ch3+ 

42.6 

39.0 

40.0 

ch4+ 

49.0 

45.0 

47.0 

-4 


*  Pressure  less  than  10 


torr 


' 


f— 


o.*e 
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12%  of  the  ions  are  unaccounted  for.  These  could  be  higher 
mass  ions.  These  same  five  ions  for  the  present  results  and 
these  of  Field  and  Munson  add  up  to  95%  at  most  higher  pressures. 
As  mentioned  previously  certain  higher  mass  ions  observed  by  us 
(ions  not  plotted  in  the  figures)  showed  no  particular  pressure 
dependence  and  were  of  very  low  intensities.  The  concentration 
of  C3H7+  observed  by  us  remains  constant  at  about  1%  while  it  is 
rising  in  Field  and  Munson's  data  and  is  rising  to  a  much  higher 
intensity  in  Wexler's  work.  Part  of  this  ion  intensity  observed 
could  be  due  to  impurities  since  Munson  and  Field65  and  Haynes 
and  Kebarle64  have  shown  how  readily  C3H7  +  could  be  formed,  e.g. 
from  a  propane  impurity.  Wexler  mentions  observing  the  concentra¬ 
tions  of  C4H7+,  C4H9  +  and  C4Hi^  to  be  increasing  with  pressure, 
while  Field  and  Munson61  observe  only  C4H9  +  to  be  increasing. 

Of  these  ions  only  C4H9  +  is  formed  in  any  measurable  concentra¬ 
tion  in  the  present  work  and  at  higher  pressures  it  remains 
constant  at  about  0.1%  of  the  total  ionization.  Haynes  and 
Kebarle64  have  shown  that  these  C4  ions  could  be  formed  by 
reactions  of  methane  product  ions  (such  as  CH5  +  and  C2H5+) 
with  paraffin  impurities. 

4. 5  Conclusions 

It  can  be  concluded  that  of  the  secondary  ions  formed 
in  gaseous  ionic  reactions  of  methane  ions^ formed  by  various 
means  (electrons,  protons^  only  C2H3+  is  react ive,  with  the 
main  product  ions  CH5 +  and  C2H5+  being  unreactive.  Upon 
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reaction  with  methane  the  vinyl  ion  yields  C3H5+  which  is 
slightly  reactive.  The  propyl  ion,  whose  mechanism  of  forma¬ 
tion  is  still  not  completely  known  is  also  unreactive  in  methane. 
Agreement  with  recent  results  of  other  workers  was  reasonable 
in  most  cases. 
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5 »  I ON "MOLECULE  REACTIONS  IN  ETHYLENE 

5. 1  Introduction 

A.  Previous  Studies 

Ion  molecule  reactions  in  ethylene  have  been  invest! 
ated  by  several  authors.  The  initial55/56  studies  were  at 
low  (  -uLO  millitorr)  pressures  where  only  second-order  reac¬ 
tions  were  observed.  Later,  reactions  at  higher  pressures 
were  studied.2  8  6  7  6  8  Melton  and  Rudolph67  used  an 
uncollimated  alpha-particle  beam  and  studied  ionic  reactions 
in  ethylene  at  pressures  up  to  0.1  torr.  Field  28  and 
Wexler  and  Marshall  6  8  studied  gaseous  ionic  reactions 
in  ethylene  using  an  electron-impact  ion  source  at 
pressures  up  to  0.3  torr. 

From  these  studies  some  of  the  main  reactions 
for  production  of  secondary  and  tertiary  product  ions  have 
been  well  established.  The  main  primary  reactant  ions 
are  C2H4+,  C2H3+,  and  C2H2^  since  these  ions  account  for  90% 
of  the  total  ionization  in  the  low  pressure  (<10“4  torr) 
spectrum  of  ethylene.  By  comparison  of  the  appearance 

potential  of  the  product  ions  with  those  of  the  primary 

5  6 

species,  Franklin  et  al  were  able  to  identify  several 

secondary  product  ions  with  their  primary  ion  precursors. 

2  8 

Field  confirmed  the  assignments  of  the  secondary  ions  to 
the  primary  ion  precursors  and  was  also  able  to  assign 
several  tertiary  ions  to  primary  ion  precursors.  He  used 
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an  additive  method  in  which  the  particular  additive  used 
enriched  greatly  the  intensity  of  the  primary  ions  C2H4+/ 

-i- 

C2H3  and  C 2H2 **"  respectively. 

The  formal  sequence  of  reactions  suggested  from 


2  8 

' s  results  and  conclusions 

is  shown  below. 

+ 

C2H4  +  C2H4  — *■ 

[C4H8+] 

(5.1) 

.  ^C3H5  + 

+  CH3 

(5. 2a) 

[C4H8+  ] 

^  c4H7+ 

+  H 

(5. 2b) 

[C4H8  ]  +  C2H4 

—  [C6Hi2+] 

(5.3) 

,  C5H9  + 

+  ch3 

(5.4a) 

[c6h12+]  ^ 

^c4h8  + 

+  c2h4 

(5. 5b) 

C2H3^"  C2H4  — +■ 

[C4h7+] 

(5.6) 

[C4H7+]  — ►  c2h5  + 

+  c2h2 

(5.7) 

(C4H7  +  ]  +  C2H4  —  [C5H1  !  +  ] 

(5.8) 

[CfHuV  C5H7  + 

+  ch4 

(5.9a) 

—  c6H5+ 

+  3H2 

(5.9b) 

C2H2  +  C2H4  — *- 

[c4h6+] 

(5.10) 

[C4H6+]  — 

C3H3+  + 

ch3 

(5.11a) 

■■ 

c4h5+  + 

J 

H 

(5. lib) 

[c4He  ]  +  C2H4-v 

[C6Hio+] 

(5. 12) 

[C6H10+  ]  — 

c6h7+  + 

H  2  +  H 

(5, 13a) 

— 

c5h5+  + 

CH3  +  h2 

(5.  13b) 

_ * 

c4h6+  + 

c2h4 

(5. 13c) 

bns  eH$0 
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6  8 

Wexler  and  Marshall  correlated  product  ions 

with  their  primary  ion  precursor  by  the  matching  of  appearance 

2  8 

potentials  and  found  agreement  with  the  results  of  Field  with 
the  exceptions  that  C2H3  +  (upon  reaction  with  C2H4)  yields 

«L  ,  , 

C4H7  and  that  both  C2H2  and  C2H3  +  could  yield  C4H5  . 

The  actual  mechanisms  proposed  by  Wexler  and  Marshall  to 
account  for  the  formation  of  higher  order  ions  requires  that 

I  1. 

the  intermediate,  second-order  complex  (i„e„  C4H8  ,  C4H7  ,  or 
+ 

C4H6  )  is  short-lived  and  dissociates  before  colliding  with 
ethylene.  Higher  order  ions  would  then  result  primarily 
by  ethylene  addition  to  the  stable  product  ions  by  chains 
of  simple  consecutive  and  competitive  ion-molecule  reactions. 
This  is  in  contrast  to  the  approach  of  Field 

presented  above  and  the  general  model  used  by  Lampe,  Franklin 

3  1 

and  Field.  This  model  requires  that  the  intermediate, 

second-order  complex  to  be  relatively  long  lived  so  collisions 

of  these  complexes  with  the  neutral  ethylene  molecules  leads 

to  higher  order  reaction  products. 

To  distinguish  between  the  two  interpretations  on 

the  basis  of  mass  spectrometric  information  alone  is 

difficult  and  has  not  yet  been  accomplished.  Neither 

model  seems  to  explain  completely  all  the  observations. 

The  ion  c.H0  +  would  be  a  tertiary  ion,  if  formed  by 
4  o 

decomposition  of  the  complex  [C6H12+]  and  it  is  indeed 
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2  8,68 

observed  to  be  a  tertiary  ion.  However  its  observation 

as  a  stable  ion  may  be  connected  with  a  required  stabilization 

of  the  vibrat ionally  excited  complex  [Ci+He*]  by  at  least 

one  collision  with  an  ethylene  molecule. 

69 

Kebarle  and  co-workers  have  studied  the  high 
pressure  mass  spectrum  of  pure  ethylene  and  ethylene  with 
rare  gas  sensitizers  at  pressures  from  1  to  200  torr.  These 
studies  were  done  with  the  near-atmospheric  alpha  particle  mass 
spectrometer  of  these  laboratories.  Using  20  torr  xenon  and 
1  millitorr  to  5  torr  ethylene  the  polymer  ions  of  formula 

j. 

CnH  n  (n=even)^ thought  to  be  due  to  a  common  C2H4  precursor^ 
were  found  to  dominate  the  spectrum.  The  polymer  ions  up 
to  n=14  were  found  in  high  abundance.  At  4  millitorr  of 
ethylene,  C4H8+  was  the  dominant  ion  while  at  1  torr  ethylene 
the  most  intense  ion  was  found  to  be  C10H2o+*  They  showed 
that  xenon  collisionally  deactivated  the  excited  complexes 
[CnH2n  yield  the  stable  polymer  ions  observed.  Increasing 

the  xenon  pressure  effectively  suppressed  the  decomposition 
reaction 

[CnH2n1+  ^Ck-!H2k-3+  +CH3  <5‘14) 

where  n=even  and  k=odd. 

In  pure  ethylene  these  workers  again  found  the 

C  H  +  series  of  ions  to  be  prominent  but  the  lower  mass 
n  2n 

homologues  C4H8  +  and  C6H12+  were  not  present,  even  at  1  torr 
C2H4  pressure. 
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Increasing  pressures  increased  the  complexity  of  the  spectra 
observed.  However  the  polymerization  was  found  to  effectively 
stop  in  the  mass  range?  200-300.  The  increased  pressures  only 
led  to  a  proliferation  of  ionic  products  in  the  mass  range 
100-250.  At  lower  pressures  (below  20  torr)  they  were  able 
to  obtain  a  satisfactory  ion  product  balance  by  assignment 
of  the  main  product  ions  observed  to  the  three  main  primary 
ions  :  C  2H  4+,  C  2H  3+  and  C  2H  2+. 

Very  recently  (while  this  thesis  was  being  written) 

62 

Wexler  and  co-workers  published  a  study  on  ion-molecule 
reactions  in  ethylene  at  pressures  up  to  about  1  torr  using 
a  2  Mev  proton  beam  as  a  source  of  ionization.  A  comparison 
of  their  results  will  be  made  in  the  discussion  Sec.  5.2. 

B.  Present  Investigation 

Previous  studies  on  ethylene  had  been  done  only 
at  pressures  up  to  0.3  torr  using  conventional  electron 

.0 

impact  sources  at  temperatures  of  about  200  C.  The  high 
pressure  studies  with  the  alpha  particle  mass  spectrometer 
were  done  under  quite  different  condit ions-at  room  tempera¬ 
ture  and  with  mean  ionic  residence  times  of  about  milli¬ 
seconds.  The  present  study  is  an  effort  to  partially  bridge 
the  pressure  gap  between  these  lower  pressure  and  high 
pressure  studies. 

5 . 2  Results 


In  this  research,  ion-molecule  reactions  in 
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ethylene  were  studied  at  pressures  as  high  as  1. 25  torr. 

Three  representative  spectra  at  pressures  from  42  millitorr 
to  1  torr  are  plotted  as  histograms  in  Figure  5.1.  We  can 
see  that  even  at  42  millitorr,  ionic  polymerization  is  quite 
extensive  with  ions  up  to  mass  105  (not  plotted)  being 

found.  The  ions  C2Hs+,  C3H5+  and  C5H94"  dominate  the  spectrum 

2  8,  6  2,  6  8 

in  agreement  with  previous  results  At  0.12  torr, 

the  chain  of  reactions  extends  to  higher  mass  with  C3H3+, 

+  .  1 

C4H9  ,  C 5Hg  CgHii  being  the  more  prominent  species.  The 
general  trend  continues  so  that  at  1  torr  ions  as  large  as 
cioh20+  are  observed.  The  main  series  of  product  ions  are: 


C  H  +,  C  H  +  ,  C  H  +  C  H  +,  C  + 

n  2n+l  2  2n  n  2n-l  k  2k-l  n  2n-2 

C,H„,  _  *  (  where  n  =  even  and  k  =  odd)  , 


C  H_  -3  + 
n  2n-3^ 


6  1  ... 
Kebarle  et  al  found  all  these  series  of  10ns  m  the 


rare  gas  sensitized  alpha  particle  radiolysis  of  ethylene 

studied  in  the  alpha  particle  mass  spectrometer.  They 

also  found  all  these  series  of  ions  except  C  _+  in 

n  zn-2 

studies  of  pure  ethylene  at  2  torr  and  higher  pressures. 


However  all  these  series  were  much  more  developed  toward  higher 


mas 


s  e.g.  C 1 4H2  8 **"  s  2%  of  total  ionization  at  2  torr  ethylene  in 
their  experiments.  Their  2  torr  mass  spectrum  is  shown  in  Fig. 
5.2  for  comparison  with  these  results  at  1  torr.  It  is 
seen  that  ions  from  the  CkH2]<._^series  and  especially  the 
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FIGURE  5.1 


Mass  Spectra  of  Ethylene  at  Various  Ion  Source  Pressures 


Repeller  field  strength  =  llv/cm. 
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FIGURE  5.2 

Comparison  High  Pressure  Mass  Spectra  of  Ethylene 


Top: 

Alpha  particle  mass  spectrum  at  2 
torr  due  to  Kebarle  et  alJ 

Middle: 

Two  Mev  proton  mass  spec^um  at  1.26 
torr  due  to  Wexler  et  al 

Bottom: 

Present  results  for  mass  spectrum  at 
1.0  torr 
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cnH2n  series  are  very  prominent  in  their  spectra.  Although 

the  ^^2k-l+  series  is  very  prominent  in  the  present  spectra/ 

the  C  H  +  ser:*-es  ^as  n°t  developed  appreciably  even  at  1  torr. 

There  would  seem  to  be  a  discrepancy  between  our  mass  spectrum 

and  theirs.  Since  the  pressures  (1  and  2  torr)  are  similar 

and  both  ion  sources  are  at  room  temperature,  the  only 

difference  would  be  the  ionic  reaction  time.  Since  we  are 

using  a  repeller  field,  the  reaction  time  is  va  microsecond 

while  the  reaction  time  in  the  alpha  particle  apparatus  is 

about  a  millisecond.  The  proton  beam  mass  spectrum,  therefore 

should  represent  a  picture  of  the  ionic  distribution  at 

shorter  reaction  times.  Their  results  would  indicate  that 

high  abundances  of  the  lower  ethylenic  ion  polymers  C 4H 8+  and 

possibly  C6 Hj 2 +  should  be  observed  under  the  condition  of 

shorter  reaction  time  when  similar  pressures  are  considered. 

This  is  not  observed  in  the  proton  beam  results.  It  is 

interesting  to  note,  however,  that  Kebarle  and  co-workers 

observe  no  C4  H8  +  at  all  and  a  very  small  intensity  of  C6  Hx  2 +. 

+ 

It  could  be  possible  that  the  ions  such  as  Ci  0  H2  o  are  not 

formed  by  a  simple  polymerization  process  involving 

successive  C  HL  +  ions  reacting  with  ethylene  in  the  pure 

n  In 

ethylene  mass  spectra. 

6  2 

In  Wexler  and  co-workers  study  of  ethylene  up 
to  about  1  torr,  using  a  2  Mev  proton  beam,  extensive  ionic 
polymerization  was  also  found.  Although  their  low  pressure 
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since 


(22  millitorr  ethylene)  spectra  agree  well  with  the  present 
results,  the  higher  pressure  (eg,  0,75  or  1,26  torr)  spectra 
are  not  too  similar.  Their  1, 26  torr  mass  spectrum  is 
shown  in  Fig,  5,2,  They  find  the  principal  series  of  ions 


to  be  C  H,  . + 
n  2n-l 


C  H  +,  C  H  +  and  C  H0  _+  where 
n  2n-3  n  2n-5  n  2n-7 


n-odd  or  even.  They  do  not  observe  ions  of  formula  C  H  ,  + 

n  2n+l 

C  H~  or  C  H0  n  .  Their  spectrum  is  more  complex  than  ours 
n  zn  n  2n-2  L  r 

the  product  ion  intensities  extend  past  mass  219  (not  shown 
in  Fig,  5,2)  with  no  great  reduction  in  abundance.  We  can 
offer  no  explanation  for  these  somewhat  puzzling  differences. 

Figure  5,3  shows  three  typical  spectra  of  ethylene 
with  the  repeller  at  zero  volts  (with  respect  to  ion  chamber) . 
In  general  this  condition  should  give  a  longer,  if  somewhat 
ill-defined,  reaction  time.  Even  at  .04  torr  this  can  be 
seen  since  the  intensities  of  the  C2  primary  ions  are 
lower  and  the  intensities  of  higher  mass  ions  increase  in 


intensity:  eg.  R. A.  C5H9+  is  15%  at  llv/cm  repeller  and  44% 


at  zero  repeller. 

5, 3  Reaction  Cross  Sections  Q 

Total  reaction  cross  sections  of  some  primary  and 
secondary  ions  in  ethylene  were  calculated  as  was  done  in 
Sec.  4.3  by  use  of  semi logarithmic  plots  of  the  R. A.  of  ion 
versus  ethylene  pressure.  From  the  slope  of  the  linear 
portion  of  the  curves  the  cross  sections  could  be  obtained 
since  slope=-Q  J2/2- 303 .  The  values  obtained  are  presented 
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FIGURE  5.3 


Mass  Spectra  of  Ethylene  at  Different  Ion  Source  Pressures 


Repeller  field  strength  is  zero  V/cm. 
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in  Table  5.1  along  with  values  obtained  by  other  workers. 

All  other  cross  sections  were  obtained  by  electron  impact 

6  2 

except  those  due  to  Wexler  who  used  a  2  Mev  proton  beam. 
Again,  as  for  the  methane  study,  in  some  cases  cross 
sections  from  the  four  sets  of  data  agree  to  only  about  a 
factor  of  two  to  four. 

5 . 4  Discussion  of  Ionic  Polymerization  in  Ethylene 

A.  Variation  of  ionic  intensities  with  pressure 

In  Figures  5.4  and  5.5  and  5.6  intensities  of 
various  ions  from  ethylene  are  plotted  versus  ethylene 
concentration.  Product  ions  in  Figure  5.4  are  thought  to 
be  due  to  a  C2H4  +  precursor,  in  Fig.  5.5.  due  to  C2H3  + 
and  in  Fig.  5.6  due  to  a  C2H2+  precursor.  The  product 
ions  are  assigned  to  primary  ion  precursors  on  the  basis  of 
reactions  (5.1)  -  (5.13).  Thus  the  cnH2n+  and  CkH2k-l+ 
ions  are  assigned  to  C2H4+;  the  cnH2n+i+  ions  are  assigned 

to  C2H4+;  and  cnH2n_2+  and  CnHZn-3+  ions  are  assi9ned  to  c2H2+« 
In  addition  to  these  assignments,  C4H7+  is  assigned  to  a  C2H4+ 

precursor,  C5H7+  and  C6H11+to  a  C2H3  +  precursor  and  C3H3+  to 

a  c2h2+  precursor.  All  of  these  assignments  are  based  on 

28  + 

previous  observations  except  for  the  C0H11  ion  which  is 
of  small  R. A.  It  is  assigned  to  a  C2H3+  precursor,  although 
it  could  also  be  due  to  an  initial  C2H4+  precursor. 

In  Fig.  5.4  it  can  be  seen  that  the  dominant  product 
ion  series  due  to  reaction  of  C2H4  with  ethylene  is 


.niBScl  noioiq  vsM  £  *  baeu  oriw  «txs 

to  , ,  j  xai  ^3nx  '3  .  <  •  - 

>CHS0  od  aub  .2.2  .*«  «i  '  “HS  6  °"  9"b;*d  l\ 

'  -r  ,N  T  n  r:  t  t<fi  £ 

0;  b9flpX'8l  >T6  lO 

.lOKUOl*  >,0  Xf>j  fitii  ns  od  •*  ad  obs  IflOO  ^ 


118 


TABLE  5.1 


Total  Cross  Sections  for  Reactions  of  Ions  with  Ethylene 


Ion  These- 
Results 


t  -16  2 

Q  in  units  of  10  cm  /molecule 

2-g~  2~B  5~2~ 

Wexler  et  al.  Field  Wexler  et  al. 

(electron  '  (electron  (2  Mev  protons) 

impact)  impact) 


c2h2+ 

66 

93 

18 

60 

c2h3+ 

47 

47 

17 

22 

c2h4+ 

55 

62 

13 

18 

c2h5+ 

45 

28 

8.5 

c3h5+ 

20 

23 

5.8 

c4h7+ 

9 

22 

4.1 
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FIGURE  5.4 


Variations  with  Pressure  of  Main  Product  Ions  in  Ethylene 

Formed  from  a  C  H  +  Precursor 
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FIGURE  5.5 


Variations  with  Pressure  of  Main  Product  Ions  in  Ethylen 


due  to  a  C0H3 


Precursor 
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FIGURE  5.6 


Variations  with  Pressure  of  Main  Product  Ions  in  Ethylene 

due  to  a  C2H2  +  Precursor 
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CkH2k-l  *  The  "^ons  c6h12+>  C8Hi6+  and  CioH20+  which 

are  higher  homologues  of  C4Hg+,  are  observed  (not  plotted  in 
Fig.  5,4)  with  increasing  pressure  but  none  of  these  ions 
individually  are  more  than  about  2%  of  the  total  ionization. 

At  ion  source  pressures  above  0.1  torrf  the  main  product 
ions  C  4H  Q+,  C  g+  and  C  7H  1 3+  all  appear  to  react  slowly  with 
ethylene,  since  after  reaching  their  respective  maximum  intensi 
ties  on  the  plot,  their  respective  R.A.'s  all  decrease  slowly. 

Of  product  ions  due  to  vinyl  ion  reaction  with 
ethylene  (Fig.  5.5),  CkHg+  is  dominant  at  pressures  above 
0.1  torr  and  it  is  quite  unreactive  since  its  R. A.  increases 
gradually  throughout  the  pressure  range  studied. 

All  the  main  product  ions  thought  to  be  due  to  the 
acetylene  ion  precursor  appear  to  be  nonreactive  in  ethylene. 

At  pressures  above  0.7  torr,  the  ions  C3H3+  and  C  i+H  5+ 
exhibit  sudden  increases  in  R„ A.  with  increasing  pressure. 

This  anomalous  behaviour  will  be  discussed  later. 

The  sums  of  the  product  ion  intensities  indicated 
in  Figs.  5.4-5. 6  are  also  plotted  in  the  respective  figures. 

It  will  be  notedthat  the  sum  of  product  ions  due  to  C2H4+ 
precursor  decrease  gradually  with  increasing  ethylene  pressure 
while  the  totals  of  ions  due  to  C2H3  +  and  C2H2+  respectively, 
increase  with  increasing  pressure. 


r.rf;‘  io  <*£  iuodf>  nsrfi  aiom  '{II  it  blvxbr.i 


3  >  -'S'  :.  i  q  3  •  r  '  ■ 


1,0  8fTOi. 


. 


OC  '-l-  ?  1 


a  \-.  i  b  -  +  n,  r\  (£  '  t  v;  1  .i  » 


>  i  ,>  ii,  .A.h  rJx  eon  it  e>vxiD£sxr»i>  •.  t  o  ax  J  br/i  :  ioi  1.0 


!J 


i  j  *:./!  ■  >d  oi  Bftox  3  &cnq  ni  :  otii  HA 

+  e  h  0  t  &  +r  K 

. 

- 


■ 


- 


i  viior.q:  »*i  fsH5D  b\  f>  f  HSD  oi  9*b  anol  *o  si*  *oi  sdi  s.  iflw 


123 


B.  Agreement  of  totals  of  assigned  product  R»A, '  s 
with  the  R.A.  of  their  (initial)  primary  ion 

precursors. 

The  sums  of  all  product  ions  assigned  to  the  three 

C2  primary  ion  precursors  are  given  at  some  different  pressures 

in  Table  5.2.  The  specific  assignments  have  been  given  in 

subsection  A.  The  low  pressure  (<  10"^  torr)  primary  ion 

intensities  of  C2H4  ,  C2H3  and  C2H2  are  also  indicated  for 

comparison.  In  general,  the  product  ion  total  intensities 

due  to  C2H4+  are  too  high  up  to  pressures  of  about  0.7  torr. 

The  assignment  of  ions  to  C9H3  +  is  too  low  at  lower 

pressures  until  0.6  t or r,  whence  reasonable  agreement  is 

+ 

obtained.  The  sum  of  ions  due  to  C2H2  ranges  from  too  low 
values  at  low  pressures  to  a  dramatic  increase  at  higher 
pressures „ 

Increases  in  R.A.  of  product  ions  due  to  reactions 

* 

of  C2H4+  with  ethylene  could  be  due  to  an  increased  intensity 

+  28 

of  C  2H  4  formed  by  charge  transfer.  Field  and  Wexler 

6  8 

and  Marshall  have  found  that  the  charge  transfer  reaction 

C2H2+  +  C2H4  -+  C2H2  +  C2H4+  (5.15) 

is  important  for  producing  C2H4+  in  excess  of  that  due 
to  the  primary  ionization.  From  a  comparison  of  total  reac¬ 
tion  cross  section  of  C2H2+  with  the  partial  reaction  cross 
sections  for  formation  of  C  3H  3  and  C 4H 5  , 


Wexler  and 
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TABLE  5 . 2 

Ion  Product  Balance  for  Selected  Ethylene  Pressures 

(Repeller  =  llV/cm) 


Pressure  (torrJ  <10~^ 

0.06 

0.22 

0.36 

0.70  0.80 

1.0 

Initial 

Precursor 

Ion 

R. A. ' s 

of  Assigned 

Products 

C2H4+  39% 

70% 

59% 

56% 

48%  36% 

32% 

C2H3+  25 

16 

17 

19 

22  24 

23 

C2H2  +  2_4 

12 

14 

16 

18  28 

29 

Total  R. A.  88 

88 

90 

91 

88  88 

84 
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Marshall  est imat edthat  2/3  of  the  C2Ht+  initially  formed,  charge 

exchanges  with  C2H4„  Similar  conclusions  can  be  made  from 

2  8 

Field's  study  of  ethylene.  If  we  (arbitrarily)  assume 

that  1/2  of  C  2H charge  exchanges  with  ethylene,  then  up 

to  about  0.3  torr  this  would  correct  almost  completely  the 

product  ion  assignments.  Thus  at  0,22  torr  the  sum  of  ions 

due  to  C ?H 4+  would  be  corrected  to  45%  of  the  total  ionization 

and  those  due  to  C2H2+  would  be  changed  to  28%.  In  fact, 

above  0.24  torr  Wexler  and  Marshall  found  that  the  effect  of 

charge  exchange  decreased  and  ion-molecule  reactions  of 

C  ^  2+  with  C2H4  could  compete  more  favorably. 

That  charge  transfer  should  compete  less  favorably 

with  ion-molecule  reactions  with  increasing  pressure  can  be 

explained  by  the  fact  that  the  average  primary  ion  energy 

will  decrease  with  increasing  pressure  (at  constant  repeller 

field  strength) .  The  charge  transfer  cross  section  for  an 

exothermic  reaction  should  change  little  at  low  ion 

velocities  while  the  ion  molecule  cross  section  is  proportion- 
~x 

al  to  v  where  v  is  the  ionic  velocity  and  1^  x  £  2.  This 
would  predict  that  the  ion  molecule  reactions  would  compete 
effectively  with  charge  transfer  as  pressure  is  increased 
due  to  the  decreasing  ion  energy. 

According  to  the  assumed  product  assignments,  the 
values  for  C2 H3 +  are  too  low  at  pressures  below  0.6  torr. 

Charge  transfer  of  C2H3+  with  ethylene  to  yield  C2H4+ 

c9h3+  +  c2h4  -*■  c2h3  +  c2h4  + 


(5. 16) 
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will  probably  not  be  important  since  the  cross  section  for 

reaction  (5.16)  is  only  1/12  of  reaction  (5.15)  as  measured 

7  0 

by  Szabo  .  (The  measurements  by  Szabo  were  done  using 
primary  3  ev  C2H2+  and  6  ev  C2H3  +  ions  in  a  double  mass  spectro¬ 
meter)  . 

Another  explanation  for  low  product  ion  assignments  of 

+  .  to 
C2H3  could  be  that  the  vinyl  ion  is  reacting  with  ethylene^yield 

products  partially  ascribed  to  a  C2Hi4+  precursor.  One 

can  write  an  exothermic  termolecular  reaction  to  yield  C5H9+ 

C2H3+  +  2C2H4  ■*  C5H9+  +  CH2  (5.17) 

AH  =  -11  kcal/mole 

Now  the  major  product  ion  ascribed  to  a  C2H4+  reaction  in 
this  pressure  range  is  C5H9+.  This  reaction  would  have  to 
compete  with  the  reaction 

C2H3+  +  2C2H4  +  C4H9+  +  C2H2  (5.18) 

,  + 

AH  =  -61  to  -85  kcal/mole 

That  reaction  (5.18)  is  much  more  exothermal  than  reaction 
(5.17)  may  mean  that  higher  pressures  are  required  for  C4H9+ 
to  become  stabilized  and  reaction  (5.17)  might  be  more 
efficient  at  somewhat  lower  pressures.  There  is  however,  no 
evidence  from  other  sources  for  the  occurence  of  reaction  (5.17)# 


*  Heats  of  formation  of  ions  taken  from  the  compilation  in 
reference  48  unless  otherwise  noted. 

t  Depends  on  structure  of  C4H9+, 
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C ,  Influence  of  external  factors  on  the  observed  mass 

spect ra. 

External  factors  not  related  to  the  actual  gaseous 

ionic  reactions  occuring  in  the  ion  source  chamber  might 

be  effective.  One  possibility  is  that  at  higher  pressures 

(where  the  puzzling  increase  of  C3H3+,  C4H5+  and  C5H7+  occurs) 

the  primary  ionization  spectra  of  ethylene  is  changing  because 

of  a  change  in  proton  beam  energy.  The  stopping  cross  sections 

—  15 

(  e)  of  ethylene  to  protons  is  almost  constant  at  55  x  10 

7  71 

ev-cm  /molecule  in  the  energy  range  40  to  100  kev.  From 
the  equation 


dE  AE 

E  as?  _  n  m 


(5.19) 

t  * 


where  n  is  molecules/cm^ 

is  energy  loss  in  ev/cm  of  path 
Ax  ' 

one  can  readily  calculate  that  at  1  torr,  the  proton  beam 
will  be  decreased  in  energy  by  about  7  kev,  in  the  distance 
traversed  from  the  ion  source  side  of  the  beam  entrance  foil 
to  the  middle  of  the  source  exit  slit  (3.5  cm).  From  the 
previously  measured  primary  50  and  100  kev  proton  impact 
spectra  and  the  spectra  of  Abbe  extending  to  20  kev,  it 
can  be  noted  that  only  small  changes  occur  in  the  spectra 
from  100  to  20  kev.  Since  the  measured  primary  ethylene 
spectra  with  the  beam  through  foils  is  very  similar  to  the 
previously  measured  proton  spectra  at  50  kev,  (see  Chapter  3) 
and  from  a  consideration  of  energy  loss  through  the  first 

*  J.-C  Abbe,  Private  Communication 
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foil  (Chapter  2,  Sec.  2.6B),  it  is  estimated  that  the 
primary  ethylene  ions  formed  at  1  torr  could  be  due  to  50  kev 
protons o  Even  if  the  beam  energy  was  only  30  kev,  no  signifi¬ 
cant  differences  in  the  R. A. 1 s  of  primary  ions  formed  initially 
would  be  expected. 

Another  effect  to  be  considered  is  scattering  and 
losses  of  ions  in  the  analyzer  tube  due  to  increased  pressures 
in  that  region.  At  about  0.7  torr  in  the  ion  source,  pressure 
in  the  analyzer  tube  as  measured  by  the  ion  gage  is  about 

_5 

5  x  10  torr.  There  is  no  doubt  that  losses  occur  by  charge 
transfer,  collisional  decomposition  etc. ,  but  why  the  ions 
C 3H3  C4H5+,  C4H9  +  and  C5H7+  would  not  be  lost,  while  most 

of  theothers  would  be,  seems  strange  and  makes  this  idea 
untenable. 

There  is  a  possibility  that  part'  of  the  spectra 
observed  are  due  to  ion  molecule  reactions  in  the  region 
between  the  ion  source  exit  slit  and  the  withdrawal  slit. 

Since  the  distance  between  the  bottom  of  the  ion  source  and 
the  withdrawal  plate  is  only  1  mm,  conduction  of  gas  from 
this  cylindrical  volume  of  height  1  mm  and  diameter  3.2  cm  would 
be  very  small.  It  is  calculated,  as  shown  in  Appendix  A,  that 
one  torr  pressure  in  the  ion  source  would  correspond  to 
50  millitorr  in  the  exit  slit  withdrawal  slit  region.  Using 
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•  •  o  O 

a  collision  cross  section  of  75  A  /molecule,  it  is  estimated 
that  an  ion  will  make  at  least  one  collision  with  a  gas 
molecule  in  traversing  this  distance  of  0.1  cm  between  exit 
slit  and  withdrawal  slit. 

The  ion  C5H9  +  is  one  of  the  major  ions  that  is 
decreasing  due  to  further  reaction,  but  for  which  no  higher 
mass  products  are  produced  in  appreciable  amounts.  Possibly 


it  is  reacting  in  a 

stripping 

type  of  mechanism  as.  in 

reactions  (5.20)  to 

yield  lower  mass  ions 

c/9+  +  c2h4- 

-5-  C3H3  + 

+  neutrals 

(5. 20a) 

-v  c4h5  + 

+  neutrals 

(5.  20b) 

These  reactions  are  quite  endothermic  but  C5H9+  would 
experience  large  acceleration  between  the  exit  and  withdrawal 
slits  due  to  the  negative  (with  respect  to  the  ion  chamber) 
drawout  potential. 

72 

Futrell  and  Abramson  have  found  that  endothermic 
reactions  which  did  not  occur  at  low  energies  could  be  made 
to  occur  by  increasing  the  reactant  ion  energy  to  several 
ev.  This  demonstrates  that  translational  energy  can  be 
converted  into  vibrational  energy  allowing  the  reaction 
to  be  essentially  thermoneutral.  These  workers  also  found, 
using  their  double  mass  spectrometer,  that  collisionally 
induced  decomposition  of  the  impacting  ion  within  the  ion 
source  becomes  quite  prominent  as  impacting  ion  energy  is 


increased 
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They  found  that  the  reaction 


CH4+  +  CD  4  +  CH3+  +  CD  4  +  H 


(5.21) 


which  is  absent  at  ion  energy  0.5  ev,  becomes  much  more 
prominent  at  8  ev  than  the  reactions 


CH 


.4 


+  CD, 


cd4h  +  ch3 


ch4d+  +  cd3 


(5. 22a) 
(5. 22b) 


They  suggest  that  such  dissociation  reactions  could  be  quite 
general  for  polyatomic  ions  of  several  ev  kinetic  energy. 

We  think  therefore,  that  reactions  such  as  (5.20)  could 
quite  plausibly  occur  in  the  ion  source  exit  withdrawal 
region  due  to  the  good  probability  for  collision  of  these 
highly  accelerated  ions  with  molecules  at  the  higher  pressures 
(above  0.6  torr)  studied.  We  can  conclude  that  the  sharp 
increase  at  pressures  above  0.7  torr,  of  the  intensities 
of  especially  C3H3+,  and  probably  also  C  4H  5+  and  C5H7+ 
are  due  to  stripping  type  reactions  such  as  reaction  (5.20) 
occuring  in  the  ion  source  exit  withdrawal  regiont  of  the  mass 
spect  romet  er . 

5. 5  Conclusions 

Comparison  of  our  1  torr  mass  spectra  of  ethylene 

6  9 

with  that  of  Kebarle  and  co-workers  at  2  torr  measured 
with  the  alpha  particle  mass  spectrometer  show  an  apparent 
discrepancy  between  the  results.  Their  results  at  a  milli¬ 
second  ion  reaction  time  would  indicate  that  our  results 
at  shorter  (a  microsecond)  reaction  times  should  show 
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prominent  intensities  of  C4H8+,  C6H12+  and  possibly  C8H16+. 

These  ions  are  of  minor  abundance  in  the  proton  beam  mass 

spectra  and  in  fact  the  sum  of  the  total  intensities  of  the 
+ 

CnH2n  series  decreases  somewhat  with  increasing  pressure. 
This  could  indicate  that  ion  stripping  reactions  such  as 

1  +  i 

CnH2r  +  C2H4 — CkH2k-l  +  ra<3ical 

occuring  in  the  ion  source  exit  withdrawal  region  break  up 

the  C nH 2 n  +  ions. 

Kebarle  and  co-workers  did  not  observe  the  lower 
homologues  such  as  C4H8+,  C6H12+  and  C8H16+  in  pure  ethylene 
at  2  torr.  However  using  low  concentrations  (0.1%)  of 
ethylene  in  20  torr  xenon  these  ions  were  observed,  due  to 
the  collisional  deactivation  of  the  initially  excited  ionic 
species  by  the  great  excess  of  xenon.  This  could  mean  that 
the  higher  mass  homologues  such  as  Cioh20+  in  their  pure 
ethylene  spectra  are  not  necessarily  formed  by  a  simple 
polymerization  process  starting  with  C4H8+,  but  rather 
are  formed  by  some  other  process. 

The  more  prominant  series  of  product  ions  in 

6  2 

ethylene  at  pressures  above  0.5  torr  observed  by  Wexler 
are  very  different  than  in  the  present  results.  At  the 
moment  there  is  no  apparent  explanation.  The  dissimilarity 
between  the  sets  of  results  considered  here,  shows  that 
caution  must  be  taken  in  order  that  instrumental  and  other 
external  factors  do  not  obscure  the  true  gaseous  ionic 


chemistry  occurring. 
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5. 6  Suggestions  for  further  research 

A  study  to  see  if  ion-molecule  reactions  of  the 
stripping  or  collisional  decomposition  type  are  occuring  in 
the  region  between  ion  source  exit  slit  and  withdrawal  slit 
would  seem  to  be  in  order.  A  design  incorporating  good 
conductance  of  gas  from  this  region  would  be  useful  and 
studies  to  show  the  influence  of  the  ion  draw-out  potential 
should  be  carried  out.  After  these  matters  were  resolved, 
studies  at  even  higher  pressures  would  be  potentially 
interesting. 
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6.  GASEOUS  IONIC  REACTIONS  IN  ETHYLENE-NITRIC  OXIDE  MIXTURES 

6 . 1  Introduction 

Nitric  oxide  is  a  well  known  free  radical  scavenger  used 
originally  in  systems  where  free  radicals  were  generated  by 
pyrolysis  or  photolysis.  More  recently  it  has  been  used  in 
radiolytic  systems.  It  was  thought  that  its  presence  would 
inhibit  free  radical  attack  on  the  substrate  molecules  and 
allow  a  distinction  to  be  made  between  radical  and  ionic  reac¬ 
tions.  However,  because  of  its  low  ionization  potential,  nitric 
oxidq  may  also  be  involved  in  charge  removal  from  the  ionic 
species.  That  is,  in  addition  to  the  radical  scavenging  reaction 
(6.1)  , 

R*  +  NO  ■>  RNO  -f  products  (6.1) 

the  charge  transfer  reaction 

X+  +  NO  N0+  +  X  (6.2) 

might  also  be  occurring.  The  likelihood  that  free  radical 
scavengers  of  low  ionization  potential  (e.g.  nitric  oxide,  iodine) 
may  also  get  involved  in  the  ionic  mechanism  was  pointed  out  by 

307374 

several  authors.  '  '  Studies  of  the  ethylene-NO  system  with 

an  intention  of  determining  the  effect  of  NO  on  the  ionic 

74  6  9 

mechanism  were  undertaken  independently  by  Meisels  and  Kebarle 

Meisels 

In  studying  the  radiolytic  neutral  product  yields^  observed  that 
the  addition  of  a  few  per  cent  of  NO  increased  the  yield  of 
butenes.  The  increase  levelled  off  at  10%  NO  where  the  products 
were  in  the  ratio  of  2-butene  :  1-butene  as  5:1.  The  G  value* 

*Molecules  produced  per  100  ev  absorbed  in  ethylene. 
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for  the  butene  increase  (at  saturation)  was  found  to  be 
nearly  equal  to  the  G  value  for  the  formation  of  C2 H4 +  by  the 
ionizing  radiation.  Meisels  concluded  that  the  butenes  were 
formed  by  the  charge  exchange  reaction  (6.3),  with 

1  ^ 

C4H8  +  NO  — £-  CuH8  +  N0+  (6.3) 

the  C4H8+  being  formed  by  addition  of  C2H4+  to  ethylene  (see 
Chapter  5)  : 


C2H4 


+ 


+  c2h4 


M 


kr  c'.Hs 


+ 


(6.4) 


C  H  can  also  charge  exchange  with  NO  as  has  been  shown  by 


2  4 


75* 


Field  and  Munson.  In  order  to  explain  why  charge  exchange 
occurred  with  CJ+Hg+,  but  not  with  Meisels  assumed  that 


the  rate  constant  k4  is  very  much  larger  than  the  rate  constants 


kr  for  the  reaction  of  C4H8 


+ 


with  ethylene  reaction  (6.5) 


CLH 


4ri  8 


+  CoH 


2n  4 ' 


products 


(6.5) 


Thus  at  10%  NO,  C?H4  disappears  by  a  fast  reaction  with 


ethylene^ut  the  NO  is  able  to  intercept  all  the  C4H8  +  which 


6  9 


is  slow  to  react  with  ethylene.  Kebarle  and  co-workers 
their  study  of  the  ions  in  pure  ethylene  with  the  alpha 
particle  mass  spectrometer,  determined  that  k4  -  400  k5  , 


in 


thus  confirming  the  suggestion  by  Meisels. 


76 


In  a  separate  study,  Kebarle  and  Searles  using  both  the 
Cermak  technique77  and  the  internal  ionization  method,  found 
that  the  charge  exchange  reaction  of  NO  with  C?H4+  and  l-C^H^"^ 
occurs  with  a  rate  constants  of  similar  magnitude.  Furthermore, 
these  rate  constants  were  close  to  the  magnitude  of  ku . 
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The  2-butene  ions,  however,  were  found  not  to  charge  exchange 
with  NO.  In  fact  N0+  was  found  to  charge  exchange  with  cis  2- 
butene.  This  latter  charge  transfer  reaction  is  energetically 
permitted,  whereas  the  opposite  (from  2-  C^Hg~  to  NO)  is  not, 
because  the  ionization  potential  (I.P.)  of  NO  is  higher  than 

the  I.P.  of  cis  (or  trans)  2-butene.  Since  the  majority  of 

i 

the  butene  yields  in  Meisels  experiments  were  of  2-butenes, 

these  results  of  Kebarle  and  Searles  do  not  support  the 

findings  that  the  2-butenes  observed  by  Meisels  were  due  to 

reaction  (6.3).  However  the  butene  ions  formed  by  reaction 

(6.4)  are  vibrat ionally  excited.  Some  of  this  excitation  might 

be  retained  until  collisions  with  NO  occur.  Charge  transfer 

under  such  conditions  might  occur  also  from  2-C„H0+. 

4  o 

A  study  of  the  ethylene-NO  system  by  Kebarle  and  co- 
workers,  with  the  alpha  particle  mass  spectrometer,  showed  that 
the  addition  of  only  trace  amounts  of  NO  (0.1%),  to  20  torr 
ethylene,  caused  a  la  rge  change  in  the  observed  ionic  composi¬ 
tion  compared  to  that  in  pure  ethylene.  The  results  obtained 
by  these  authors  are  shown  in  Fig.  6.1.  Comparing  these  results 
with  those  obtained  under  identical  conditions  but  in  the 
absence  of  NO,  Kebarle  et  al.  concluded  that  NO  must  be 
attaching  to  the  unpaired  electron  of  olefinic  ions  like  C4Hg  + 
and  C6H12+  (and  in  general  cnH2n4) * 

*  I.P.  (NO)  =  9.25  ev,  I.P.  (2-butene)  =  9.13  ev  as  deter¬ 
mined  by  K.  Watanabe,  T.  Nakayama,  J.  Mottl,  J.  Quant.  Spect, 
Radiative  Transfer  2,  369  (1962), 
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Increase  of  the  concentration  of  NO  to  10%  did  not 

change  the  spectra  very  significantly.  The  main  effect  was 

an  increase  of  the  C.HoNO-1"  ion  to  a  relative  intensity  similar 

4  o 

+  + 

to  that  of  the  other  major  ions  i.e.  C-^H^^NO  ,  CyH-^NO  , 

-f 

ChH,^N0  .  The  total  ionization  was  found  essentially 
8  16 

unaffected  by  NO  and  no  NO+  was  observed. 
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FIGURE  6.1 


Mass  Spectrum  of  20  torr  Ethylene  with  0.1%  NO 


6  9 

Results  of  Kebarle  and  co-workers  obtained 
with  the  alpha  particle  mass  spectrometer. 
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It  is  not  impossible  to  reconcile  these  results  with 
Meisels'  observations.  Thus  at  10%  NO,  charge  exchange  of  NO 
might  be  occurring  from  C4HQ+  by  reaction  (6.3).  The  resulting 
NO+  might  be  rapidly  reacting  with  ethylene  to  produce  ions  like 
C2H4NO+,  C6H-l2NO+  etc. 

The  long  ionic  reaction  time  1  millisec)  of  the  alpha 
particle  ion  source  would  make  it  difficult  to  establish  whether 
NO+  reactions  of  this  type  are  occurring.  The  purpose  of  the 
present  study  with  the  proton  beam  mass  spectrometer  was  to 
establish  whether  reactions  of  NO+  with  ethylene  occur.  It  was  ' 
also  hoped  that  a  study  under  different  conditions  might  help 
explain  the  differences  between  the  findings  of  Meisels  and  those  of 
Kebarle  and  coworkers. 


6 . 2  Refeults  and  Discussion 

A.  Ionic  reactions  in  ethylene  containing  a  high  concentration 
of  nitric  oxide. 

The  mass  spectra  obtained  with  ethylene  containing  21%  NO  are 
shown  in  Fig.  6.2  for  three  different  total  pressures.  At  the 
lowest  pressure  (0.08  torr)  no  nitric  oxide  containing  hydro¬ 
carbon  ions  are  observed.  The  observed  NO+  intensity  is  larger 
than  expected  on  the  basis  of  ionization  cross  sections.  Thus 

the  total  ionization  cross  sections  for  NO  and  C  H  by  70  volt 

o  2  4 

o2  78 

electrons  are  3.05  and  6.6  A  /molecule.  In  Chapter  3,  it  was 
found  that  the  cross  sections  by  proton  impact  of  50-100  kev  are 
proportional  to  those  by  70  ev  electron  impact.  Thus  we  may 
expect  the  ratio  of  NO  to  C^^ionization  in  the  present  experi- 
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FIGURE  6.2 


Mass  Spectra  of  21%  NO  -  Ethylene  Mixtures 


Results  obtained  with  the  proton  beam  mass 
spectrometer. 
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ments  to  be  proportional  to  the  electron  impact  ionization 
cross  sections  and  relative  concentrations  of  ethylene  and 
nitric  oxide.  For  21%  NO  we  calculate  the  N0+  intensity  to  be 


(100) (0.21X3.05) 


(0.21)  (3.05)  +  (0.79)  (6.6) 


=  10.9%  of  the  total  ionization.  The 


observed  value  of  19%  is  almost  twice  larger.  We  conclude  that 

some  of  the  NO+  is  produced  by  charge  exchange  from  ethylenic 

ions.  The  major  ethylene  ions  involved  in  this  reaction  should 

be  C2H4+  and  C2H2  +  since  the  charge  transfer  from  C2H4+  to  NO 

7  5  76  + 

has  been  observed  '  and  that  from  C2H2  is  energetically 
favorable.  If  it  is  assumed  that  the  charge  exchange  of  these 
two  ions  with  NO  proceeds  with  the  same  rate  constant  as  that 
for  the  further  reactions  with  ethylene  (see  sec.  6.1),  one  cal¬ 
culates  that  21%  of  the  C2H4+  and  C9H9+  would  charge  exchange. 


2  2 


+  4- 

The  C2H2  and  C2H4  represent  64%  of  the  total  ethylene  ionization. 

Thus,  since  the  total  ethylene  ionization  is  89%,  the  intensity 

of  NO-1"  due  to  charge  transfer  would  be:  0.64  x  0.21  x  89%  =  12%. 

This  combined  with  the  primary  ionization  of  NO  gives  23%  for 

the  total  NO+  which  is  close  to  the  observed  19%. 

The  mass  spectrum  at  0.2  torr  total  pressure  and  21%  NO 

(Fig.  6.2),  shows  the  presence  of  C^H^NO  +  at  33%/  while  the  NO+ 

has  fallen  off  to  17%.  These  two  NO— containing  ions  thus  add  to 

20.3%  which  is  close  to  the  19%  NO  in  the  lower  pressure  run. 

The  mass  spectrum  at  1  torr  total  pressure  shows  C^H^NO+ 

as  a  dominant  ion.  The  ion  C  H  (NO)+  is  also  observed.  It 

2  5  2 

should  be  noted  that  this  was  an  intense  ion  (at  high  NO  concen¬ 
trations)  also  in  the  alpha  particle  mass  spectra  of  Kebarle  et  al. 


6  9 
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The  combined  intensity  of  the  NO  containing  ions  is  18%/again 
in  fair  agreement  with  the  NO  intensities  of  the  previous  runs. 

The  NO+  ion  is  almost  absent  (0.5%).  Thus  NO+  reacts  with 
ethylene  and  the  main  final  product  of  the  reaction  under  the 
present  conditions  is  C4HgNO+. 

The  intensity  decrease  of  the  NO+  ion  in  these  three 
pressure  runs  can  be  used  for  a  rough  estimate  of  the  rate  con¬ 
stant  k  and  order  n  of  the  NO+  reaction  with  ethylene.  The  rate 
of  disappearance  of  NO+  is  given  by 

dtdt  1  =  -MC2H4]n[NO+]  (6.6) 

Upon  integrating  Eq.  (6.6)  and  taking  logarithms  of  the  integrated 
equation  we  obtain 


,  [NO+]  ,  INO+  ,  „  ,n  , 

l0gWT0  =  l0gi^7  =  k[C2H4] 


(6.7) 


wl^ere  INQ+  is  the  observed  NO+  intensity,  [C9HU]  is  the  ethylene 


2  4 


concentration  in  molecules/cc ,  and  t  is  the  residence  time  (sec) 
of  the  N0+  in  the  ion  source.  A  plot  of  log  1NQ+  versus  the 
square  of  the  .ethylene  pressure  gave  a  good  straight  line,  indi¬ 
cating  a  second-order  dependence  for  the  disappearance  of  NO+ 

by  reaction  with  ethylene.  The  termolecular  rate  constant  k  can 

2 

be  evaluated  from  the  slope  of  log  INQ+  vs.  [C2H4]  ,  since 

slope  =  -  kt.  The  residence  time  of  NO+  in  the  ion  source  can  be 
calculated  from  the  standard  expression 


t  = 


2  £m . \  2 

l 

eE 


(6.8) 
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where  I  =  0,4  cm,  nr  is  the  mass  of  N0+,  e  is  the  charge  of 
the  electron  and  is  the  repeller  field  strength. 

The  value  of  the  tepnolecular  rate  constant  obtained  was 
-27  2  2 

k  =  4  x  10  cc  /molecule  -sec,  which  agrees  in  magnitude  with 

2  8 

other  termolecular  rate  constants  found  in  ion-molecule  reactions. 

The  second  order  dependence  found  could  be  partly  explained 
as  follows.  The  addition  of  NO+  to  C2H4  to  form  [C2H4NO+]  is 
exothermic.  The  excess  energy  could  be  removed  by  a  second 
collision  with  ethylene.  The  stabilized  C2H4NO+  might  then  react 
with  ethylene  to  form  the  observed  product  C4HgNO+. 

B .  NO-ethylene  mixtures  at  low  (1%  and  4%)  NO  concentration 

The  mass  spectra  of  1%  and  4%  NO  in  ethylene  at  about  1  torr 
ion  source  pressure  are  presented  in  Fig.  6.3.  No  NO+  is  observed/ 
but  the  NO  containing  ions  (mainly  C4H8NO+' and  also  C2H5(NO)2J 
account  for  more  than  the  primary  NO+  ionizatio^  even  if  NO+ 
is  also  initially  produced  by  charge  transfer  from  ethylene  ions 
and  all  NO+  reacts  completely  with  ethylene.  This  can  be  taken 
to  mean  that  NO  enters  the  charged  state  via  ethylene  ions,  i.e. 
ions  from  ethylene  react  with  NO  to  yield  C  HoN0+  and  the  other 
NO-containing  ions.  If  the  NO  is  intercepted  on  the  C4H8  +  level 
as  in  reaction  (6.9) 

C4H8+  +  NO  ->  C4H8NO+  (6.9) 

a  high  concentration  of  C4H8NO+  would  probably  not  be  expected 
to  be  observed  at  low  NO  concentration,  unless  the  reaction  of 
C^Hg+  with  ethylene  [reaction  (6.5)]  is  very  much  slower. 

Another  possibility  is  that  the  C^Hq*  charge  exchanges. 
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FIGURE  6.3 

Mass  Spectra  of  Ethylene  -  NO  Mixtures  at  Low  Concentration 

of  Nitric  Oxide 
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reaction  (6.3),  to  yield  N0+.  It  was  shown  in  Sec.  6.1  that 

the  reaction  (6.3)  should  compete  very  effectively  with  reaction 

(6.5).  The  C4HgNO+  we  observe  could  then  be  due  to  the  N0+ 

created  by  reaction  (6.3)  reacting  with  ethylene.  However  the 
nature  of  the  C^Hg+  is  not  known. 

(6.3)  Conclusions 

It  can  be  concluded  that  ions  of  the  type  C  Hn  N0+  are 

2  r  n  2n 

produced  by  the  reactions  of  N0+  with  ethylene.  At  higher 

pressures  as  in  the  results  of  Kebarle  and  coworkers  ethylenic 

ions  of  the  type  C  H  +  also  react  with  NO.  Both  the  complex 

n  2n 

results  of  the  alpha  particle  mass  spectra  and  the  simple  charge 
transfer  mechanism  used  by  Meisels  to  explain  the  increased  butene 
yields  are  not  necessarily  at  variance.  The  increase  of  C  H  N0+ 
intensity  (which  is  absent  at  low  NO  concentration)  observed  with  in¬ 
creasing  NO  concentration  in  the  alpha  particle  mass  spectra 
indicates,  as  shown  by  our  results,  that  at  least  part  of  the 
C(+HgNO+  is  formed  by  reaction  of  N0+  with  ethylene.  By  this  type 
of  mechanism  the  butene  yields  could  still  increase  with  the 
addition  of  NO  to  ethylene  even  though  complex  ionic  reactions 
are  observed  in  these  experiments  and  the  20  torr  mass  spectral 


studies . 
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7.  ION-SOLVENT  MOLECULE  INTERACTIONS  IN  THE  GAS  PHASE 

7 . 0  General  Introduction 

A.  Previous  Work 

The  study  of  ion-solvent  molecule  interactions  in  solu¬ 
tion  dates  back  to  the  beginnings  of  physical  chemistry,  and  is 
still  an  active  field  of  chemical  research.  The  mass  spectrometric 
study  of  ion-solvent  molecule  interactions  in  the  gas  phase  is  only 
a  few  years  old,  and  yet  some  significant  results  have  already  been 
obtained.79"81 

Ionic  reactions  of  polar  (solvent)  molecules  in  the  gas 
phase  contrast  with  those  of  hydrocarbons.  With  ethylene,  for 
example,  we  have  seen  that  a  wide  variety  of  complex  ionic  polymers 
are  formed  (Chapter  5) .  In  water  and  ammonia  it  has  been  found  that 
the  ionic  polymerization  does  not  proceed  by  covalent  bond  forma¬ 
tion,  but,  because  of  high  dipole  moment  and  high  polarizability 
of  the  molecules  involved,  "physical  polymerization"  or  clustering 
occurs.  It  might  be  reasonably  expected  that,  at  sufficiently 
high  pressures,  clustering  would  be  a  dominant  mechanism  for  the 
gas  phase  ionic  reactions  of  all  polar  molecules. 

Historically,  the  ability  of  gas  phase  ions  to  form 

relatively  stable  clusters  was  recognized  early.  C2/  83  However, 

direct  experimental  evidence  was  very  scanty  and  was  based  on 

anomalous  ionic  gas  phase  mobilities.  84  It  is  only  recently  that 

the  direct  evidence  for  formation  of  gas  phase  ion  clusters  have 
8  5 


been  given. 
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Apart  from  clustering  around  an  ion  from  the  parent  solvent 
molecule,  solvation  of  various  types  of  ions  e.g.  negative,  organic  and 
metal  ions  by  polar  solvent  molecules  has  been  shown  recently  to  be 
amenable  to  study  by  mass  spectrometric  methods,  8 V  8 6  Heats  of 
monohydration  of  lithium,  sodium  and  potassium  ions  have  been  recently 
evaluated  in  the  mass  spectrometry  of  flames.87  Competitive  inner  — 
and  outer-shell  solvation  of  NH^  +  by  water  and  ammonia  molecules  in 
the  gas  phase  has  been  studied  by  Kebarle  and  co-workers  8 1  at  pressures 
from  1  to  200  torr.  They  found  that  ammonia  preferentially  fills 
an  inner  shell  of  (NH  )  *  NH  +  whence  water  is  then  taken  up  in 
the  outer  shell. 

Munson8  °'8  9 has  shown  that  solvated  protons  ie.  the  neutral 
molecules  clustered  around  a  proton  or  protonated  molecule  ion,  are 
the  main  products  of  ionic  reactions  in  some  gaseous  Bronsted  acids 
(water,  methanol,  formic  acid,  acetaldehyde  and  acetone)  and  in  some 
amines.  Munson's  studies  were  done  in  a  conventional  electron 

o 

impact  mass  spectrometer  at  pressures  up  to  about  0.4  torr  at  200  C. 

B.  Present  research 

The  first  part  of  our  study  of  gas  phase  ion-solvent 
molecule  reactions  was  an  examination  of  the  hydration  of  H30+. 

The  second  part  involves  a  study  of  competitive  solva¬ 
tion  in  water-methanol  mixtures. 

PART  I  THE  SYSTEM  (H^0)n*H30+ 

7 . 1  Irrtr  odu  ct  Ion 

In  water  at  higher  pressures  the  only  product  ions  formed 
are  hydrates  of  H30+  .  The  hydronium  ion,  first  observed  90  in  1940 
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in  the  mass  spectrum  of  water  vapor, is  rapidly  solvated  by  water 
molecules  as  the  pressure  of  water  vapor  is  increased.  For  example/ 
Beckey  9 1  has  observed  hydrates  of  HoO+  up  to  n  = 9  in  a  field  emission 
mass  spectrometer.  In  discharges  of  water  vapor  at  0.4  torr  Tickner 

and  Knewstubb  92  observed  hydrates  of  H„ 0+  up  to  n=5.  Using  the  high 

3 

pressure  alpha  -  particle  mass  spectrometer,  Kebarle  and  co-workers7  9 
have  observed  hydrates  up  to  n=8  and  higher,  depending  on  the 
pressure  studied. 

Assuming  equilibrium  conditions,  free  energies  of  individual 
solvation  or  hydration  steps  can  be  measured.  By  varying  the  tempera¬ 
ture,  enthalpies  and  entropies  of  these  individual  steps  can  be 
obtained.  The  measurements  have  been  done  for  the  solvation  of  the 
hydronium  ion  by  water  86  and  for  the  solvation  of  the  ammonium  ion 
by  ammonia  °  1 

Now,  the  central  assumption  of  the  treatment  by  Kebarle 
and  co-workers  was  that  equilibrium  with  regard  to  clustering  is 
achieved  in  the  ion  source.  The  average  reaction  time  in  the  alpha- 
particle  mass  spectrometer  was  about  a  millisecond.  It  was  thought 
that  if  the  same  equilibrium  constants  could  be  calculated  from  the 
data  obtained  with  the  present  (proton  beam)  instrument,  whose 
reaction  time  is  about  a  microsecond,  strong  support  will  be  lent 
to  the  equilibrium  assumption.  Furthermore^ if  duplication  of  the 
data  could  be  obtained  with  such  different  ionic  reaction  times, 
then  it  would  be  possible  to  show  that  an  equilibrium  is  achieved 


rather  quickly. 
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7 . 2  The  Higher  Pressure  Mass  Spectrum  of  Water  Vapor 

The  higher  pressure  mass  spectrum  of  water  vapor  was 
studied  at  pressures  up  to  1  torr.  The  results  are  presented  in 
Fig.  7.1.  At  the  highest  pressures  studied,  up  to  seven  water  mole¬ 
cules  hydrated  around  H,0+  were  found.  As  indicated  by  previous 
studies,  essentially  the  only  ionic  products  are  hydrated  protons  or 
solvated  hydronium  ions  of  formula  (H?0)n*H30+.  It  can  be  readily 
seen  that  the  various  hydrates  are  formed  by  a  series  of  consecutive 
reactions.  Thus  the  H.  0*H20+  and  (H.O).  R  0+  ions  are  not  observed 
in  high  R. A.  Probably  they  react  rapidly  to  form  higher  hydrates. 

The  hydrate  (H?0)o  H3  0+  shows  a  somewhat  different  behaviour  than 
the  other  ions,  since  after  reaching  a  maximum,  its  R.A.  decreases 
only  very  slowly  with  increasing  pressure.  The  hydrate  (H20) 3H30+ 
is  the  dominant  ion  at  all  pressures  above  0.1  torr. 

The  ions  indicated  as  (H20)  2  (NH3 ) H+,  m/ e  =  54y  and  (H20)  3 
(NH3)H+  ,  m/e  =  7  2/  were  tentatively  identified  using  D00.  Now  in 
the  studies  with  H20  at  higher  pressures  small  peaks  at  one  mass 
lower  than  H  O-H  0+  ,  (H  0)  H  0+  ,  (H  0)  H  0+  and  (Ho0).H  0+  were 

2  3  2  2  3  233  2  H  3 

found.  However  using  D20,  these  peaks  (at  one  mass  lower  than  the 
hydrates)  had  all  disappeared.  Since  the  deuterated  ammonia  hydrates 
(D20)r(ND3  )D+,  have  the  same  mass  as  (DoO)n*D30+,  it  may  be  conclud¬ 
ed  that  the  identification  of  these  impurity  ions  as  hydrated 
ammonium  ions  is  correct.  In  a  study  of  hydration  in  "pure  water" 
vapor93  these  ammoniated  ions  have  been  previously  observed  and 
were  shown  to  be  due  to  an  ammonia  impurity  of  very  low  concentration 
The  origin  of  the  ammonia  in  our  experiments  is  unknown.  We  will 
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FIGURE  7.1 


Intensities  of  Hydrate  Ions  in  Water  Vapor  at  Pressures 

up  to  1  Torr. 
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confine  our  discussion  to  the  pure  water  hydrates. 

7.3  Reactions  of  the  Primary  Ions/  H  0+  and  0H+ 

The  main  primary  ions  (H20+  and  0H+)  can  readily  form 
hydronium  ions  by  the  exothermic  reactions  (7.1)  and  (7.2) 

H20+  +  H20  ->  H30+  +  OH  (7.1) 

A  H  =  -12  kca 1/mole  94 

0H+  +  H?0  +  H30+  +  0  (7.2) 

A  H  =  -35  kcal/mole94 

These  reactions  are  well  established  9  0/  9  4/9  %nd  are  both  found  94 
to  proceed  with  thermal  rate  constants  k-  5  x  10“10  cc/molecule  -  sec. 

The  hydroxyl  ion  could  also  react  with  water  by  exothermic  charge 
transfer  in  the  reaction 


0H+  +  H20  +  OH  +  H20+ 

AE  =  -0.2  ev 


(7.3) 


Thus  both  primary  ions  of  water  (0H+  and  H00+)  will 
ultimately  react  to  yield  hydrated  ions  of  water. 

7 . 4  The  "Beam  Model11  of  Consecutive  Hydration  Steps 

In  order  to  discuss  the  results  of  Fig.  7.1  somewhat 
more  quant  it at ively^ we  can  assume  that  the  hydration  steps  proceed 
initially  by  the  following  reaction  scheme,  where  the  notation  A 
for  a  water  molecule  (AH+  e  H30+)  is  used 
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l  OH 
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(7.4) 
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It  is  assumed  that  the  hydration  proceeds  by  a  consective 

bimolecular  mechanism  with  cooling  by  third-body  stabilizat ion^ 

and  back  reaction  neglected.  The  ion  intensities  at  the  ion  source 

exit  slit  are  set  equal  to  I  . 

n 

The  variations  of  the  different  ion  intensities  due  to 

Reactions  (7.4)  at  various  pressures  can  be  described  by  an  extension 

2  9 

of  the  "beam  model"  used  by  Wexler.  Primary  ions  formed  in  the 
plane  of  the  ionizing  beam  will  be  attenuated  by  further  reactions 
with  molecules  as  the  ions  proceed  toward  the  exit  slit  under  the 
influence  of  the  repeller  field.  The  rate  of  loss  of  the  primary  ions^ 
0H+  and  H?0*  with  respect  to  distance  x(cm)  towards  the  ion  source 
exit  slit  is 


dl 

dx 


-Q  AI 

1  l 


(7.5) 


where  Q  is  the  phenomenological  cross  section  for  reaction  of  the 

2 

primary  ions  with  water  molecules  (cm  /molecule)  and  A  is  the  con¬ 
centration  of  water  (molecules/cc) .  The  change  of  intensity  of  a 
product  ion  species  at  any  position  x  between  point  of  origin  of 
its  precursor  and  the  exit  is  a  balance  between  its  formation  and 


further  reaction.  For  example,  the  change  of  intensity  of  In  (AH+) 


with  respect  to  x  is  given  by 

dI-  =  IiQjA  -  I2Q2A 


(7.6) 


dx 


and  in  general 


dl 


dx 


n  = 


I  O  A  -  I  Q  A 
n-1  n-1  n  n 


(7.7) 


The  linear  differential  equations  may  be  integrated 
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between  the  limits  x=0  to  x=*'. ,  ie.  from  the  proton  beam  plane  to  the 
exit  slit  plane,  to  yield  equations  for  the  various  (relative)  ion 
intensities  at  the  exit  slit.  The  ion  intensities  at  the  exit  slit 
will  then  be  assumed  proportional  to  those  detected  after  mass 
analysis.  The  system  of  equations  (Eq.  7.8)  is  given  below 

1=1°  e'QlA* 

1  1 


AH  E  I,  =  I 


o  0, 


Q2  Qi 


e-QiA£  _  e-Q2A* 


A  H+  E  I 

2  .  3 


=  I,  Q  0 


1  1  2 


-Q,  A% 
e  l 


-Q0Al 
*  z 


-Q0A  l 
e  3 


(q2 ) (q3-  Qj)  (c^-q^  (Q. 


V 


(Q  -Q  )  (Q  -Q  ) 

13  2  3 


A  H+  E  I  =  I  °  0  Q„ . . . Q  , 
n-i  n  l  ~  l  7-  n-i 


-Q:  Al 

(Q2-Q^)(Q3-Q1)....(Qn-Qi) 


_ e~Q:2At _ 

(Ql~Q.2^  (Q3“Q2^  •  •  •  •  (Qn”Q2) 


Eq .  (7.8) 
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+  ....  + 


<QrQn)(Q2-  Qn)--"(Qn-rQn> 


where  I  is  the  initial  primary  ion  concentration  in  the  plane 


of  the  proton  beam. 
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The  equations  express  the  absolute  intensities  of  the 

various  ions  but  they  can  be  normalized  by  setting  I °  =  1  (ie.  total 

l 

primary  ionization  at  the  proton  beam  =  1)  whence  fractional  intensi¬ 
ties  of  the  total  ionization  will  be  obtained. 

The  various  I's  can  be  calculated  as  a  function  of  pressure 
using  different  trial  cross  section  values  so  as  to  obtain  a  best 
fit  with  experimental  results.  Figure  7.2  shows  calculated  relative 
intensities  as  a  function  of  water  pressure.  The  cross  sections 

o  o  p  o  2 

o'-  ^  o'-  o  o 

used  were:  Q 100A  ,  Q2  =  10  A  ,  =  50  A  ,  =  35  A  ,  Qr  =  15  A 

„  2 

and  Q6  =  3  A  ^  and  1  =  0.4  cm.  The  fit  of  the  experimental  results 

is  reasonable  up  to  0.15  torr.  We  feel  that  even  closer  fits  could 

be  obtained  with  enough  successive  variations  of  the  Q's  involved. 

However  the  object  of  these  calculations  was  not  to  obtain  exact 

cross  sections  but  rather  to  see  if  our  assumed  scheme  of  successive 

reactions  fit  the  observed  results.  Up  to  about  0.15  torr  the 

assumed  reaction  scheme  is  probably  correct. 

The  values  of  the  reaction  cross  sections  used  to  calculate 

the  plots  are  interesting,  since  they  demonstrate  more  quantitatively 

what  could  be  said  qualitatively  about  the  pressure  dependences 

of  the  ions  up  to  about  0.2  torr.  The  primary  ions  react  very  fast 

(Q  =  100  a2  )  to  yield  H  0+  since  they  disappear  very  rapidly  at 
l  ^ 

0  2 

very  low  pressures.  The  hydronium  ion  reacts  more  slowly  (Q?  =  10  A  ) 

since  at  its  maximum  at  25  millitorr  it  is  essentially  the  only  ion 

2 

in  the  spectrum.  The  ions  A2H+  and  A3H+  react  rapidly  (Q3  =  50  A 

2 

and  Q  =  35  A  )  relative  to  the  rate  at  which  they  are  formed, 

4 

since  their  R.A. 's  at  the  respective  maxima  on  the  pressure  plot 
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FIGURE  7.2 


Fit  of  Experimental  water  Vapor  Mass  Spectra  to  the 
Successive  Reaction  Scheme  Calculated  from  Equations  (7.8) 


LEGEND: 

dashed  line:  calculated  from  Equations  (7.8) 
solid  lines  experimental 


O  O  o 

t}  CM 


NOI1VZINOI  IVlOl  dO  % 


o 

o 


PRESSURE  (H20),  torr 


. 


154 


never  account  for  more  than  15  -  20%  of  the  total  ionization.  The 

-j-  o  _l  *- 

hydrates  A.^H  (Qr=  15A  )  and  A  H  (Q  =  3A  )  react  successively  more 

slowly  with  further  water  molecules.  However  the  intensities  of 
these  ions  AlH+  (1^)  and  A£.H+(Ir)  and  of  the  higher  hydrates  obviously 
cannot  be  described  by  the  simple  reaction  scheme.  No  values  of  the 
cross  sections  for  reactions  of  these  ions  inserted  in  the  equations 
for  their  intensities  can  give  the  broad  larger  maxima  and  only 
gradual  decreases  of  intensities  with  increasing  pressure^  as 
observed  for  these  more  highly  hydrated  ions.  We  could  consider  that 
cooling  collisions  might  start  to  become  important  at  pressures 
higher  than  0.15  torr.  If  we  introduced  a  dependence  on  the 
square  of  the  pressure  in  the  exponential  terms  of  the  derived 
equations  for  the  predicted  R. A. ' s  of  the  higher  hydrates  like  a4H+ 

and  A  H+,  an  even  worse  fit  would  be  obtained  since  the  curves  would 

5 

drop  off  more  sharply  with  increasing  pressure.  A  more  realistic 
possibility  is  that  decompositions  of  the  higher  hydrates  by  loss 
of  a  water  molecule  is  becoming  important  with  increasing  pressure. 
That  is/  the  individual  cross  sections  for  the  reverse  reactions 
are  becoming  comparable  in  magnitude  to  the  cross  sections  for 
further  reactions.  Thus  the  very  low  cross  sections  used  to  obtain 
a  semblance  of  a  fit  for  the  higher  hydrate  ion  intensities  probably 
reflect  back  reaction. 

7 . 5  Equilibrium  in  the  Hydration  of  H  0+ 

The  introduction  of  back  reactions  in  the  reaction  scheme 
might  be  technically  feasible  but  leads  to  a  greatly  increased 
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complexity  of  the  treatment.  Therefore  instead  of  introducing 


back  reactions  into  the  reaction  scheme  we  will  approach  the 
system  now  from  the  standpoint  of  equilibrium.  It  is  possible  to 
calculate  an  equilibrium  mass  spectrum  for  hydration  reactions  in 
water  vapor  at  pressures  from  0.2  to  1.0  torr.  This  can  be  done 
by  making  use  of  equilibrium  constants  for  the  various  hydration 
steps/  calculated  from  the  equilibrium  room  temperature  mass  spectrum 
of  water  vapor  at  1  torr  measured,  using  the  alpha  -  particle  mass 
spectrometer  of  these  laboratories.  86  Considering  the  general 
hydration  reaction 


A  H 
n-l 


+  A 


A  H' 
n 


we  can  write  the  equilibrium  constant  K. 
step.  It  is 


'n-l,  n 


(7.9) 

for  this  hydration 


K 


n-l ,  n 


pAnH 

pAn-iH+‘pH2° 


Ln 


(7.10) 


In.i *ph2o 


where  the  measured  ionic  intensities  I  are  proportional  to  the 
equilibrium  concentrations  of  the  ions  in  the  ion  source  and  p  H^O 
is  the  water  pressure.  Since  all  the  K's  are  known  at  one  pressure 
the  ionic  concentrations  at  other  pressures  can  be  very  readily 
obtained  and  these  are  plotted  in  Fig.  7.3  as  per  cent  of  the  total 
ionization.  We  see  that  the  calculated  equilibrium  ionic  concent ra 
tions  give  an  approximate  fit  of  the  experimental  results^  which 
becomes  particularly  good  at  about  0.2  to  0.4  torr,  while  at 
higher  pressures  the  agreement  is,  in  general,  not  too  good.  Thus 
the  equilibrium  mass  spectrum  predicts  that  the  R. A.  of  A4 H+  should 


FIGURE  7.3 


Fit  of  Experimental  Water  Vapor  Mass  Spectra  to  the 

Equilibrium  Mass  Spectra 

Legend:  _  present  results 
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decrease  with  increasing  pressures  above  0.3  torr  while  the 
experimental  plot  stays  at  a  constant  R.A.  above  this  pressure. 

The  R.A.  of  AgH+  is  predicted  to  increase  steadily  with  pressure 
from  0.4  torr  to  1.0  torr, while  experimentally  a  maximum  is  reached 
and  the  R.A.  of  A6H+  then  decreases  with  increasing  pressure  above 
0.6  torr. 

The  fit  with  the  experimental  data  at  0.2  torr  and  the 
disagreement  at  higher  pressures  might  be  a  coincidence  since  we 
are  comparing  results  of  widely  differing  experimental  systems. 

On  general  grounds  one  might  have  expected  the  fit  to  improve  at 
higher  pressures  and  not  become  worse. 

We  propose  that  the  deviations  at  high  pressure  can  be 
explained  by  the  influence  of  instrumental  artifacts  rather  than 
non-equilibrium  in  the  ion  source.  In  Chapter  5/  it  was  estimated  that 
because  of  the  low  conductance  (calculated  to  be  1  liter/sec)  of  the 
small  flat  cylindrical  volume  between  the  bottom  of  the  ion  source 
and  the  withdrawal  electrode,  at  an  ion  source  pressure  of  1  torr 
the  pressure  in  the  region  between  the  ion  source  exit  slit  and  the 
withdrawal  slit  is  about  50  millitorr.  Since  ions  traversing  this 
region  receive  a  high  acceleration  (^100  volts)  over  a  short  distance 
(1mm)  collisions  of  the  ion  cluster  with  the  water  vapour  molecules 

might  lead  to  stripping  of  the  clusters  ie.  loss  of  water  molecules. 

2 

Using  a  hard-sphere  collision  cross  section  of  75A  for  the  larger 
hydrates,  we  calculate  that  these  ions  will  make  at  least  one 
collision  with  water  molecules  in  the  region  between  the  ion  source 
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exit  slit  and  the  withdrawal  electrode.  To  test  whether  decomposi¬ 
tions  are  occuring  in  this  region,  experiments  with  redesigned  ion  source 
geometry  giving  better  pumping  at  this  region  and  a  study  of  the 
effect  of  variation  of  the  withdrawal  potential  would  be  in  order. 
Unfortunately  this  did  not  become  obvious  while  experiments  were  being 
done  and  only  became  apparent  upon  a  closer  examination  of  the  data. 

However,  in  order  to  examine  the  effect  of  acceleration 
by  electric  fields  in  the  ion  source  proper  on  the  composition  of 
the  hydrates/ we  studied  the  cluster  intensities  as  a  function  of 
repeller  field  strength  at  a  constant  pressure  of  0.36  torr  water 
vapor.  The  results  obtained  are  shown  in  Fig.  7.4.  Here  is 

the  acceleration  energy  that  an  ion  formed  in  the  proton  beam 
aquires  if  it  reaches  the  ion  source  exit  slit  without  suffering 
collisions.  Figure  7.3  shows  that  with  increasing  ion  energy 
the  hydrated  clusters  become  stripped  of  water  so  that  at  E  & =  35  eV 
and  higher,  the  hydronium  ion,  H3 0+,  becomes  the  most  prominent  in 
the  spectrum.  The  prominant  ion  (H?0)4H30  at  E^£=  0  to  15  eV  probably 

decomposes  to  (HO)  HO  at  higher  ion  energies.  The  general  trend  is 

2  3  3 

that  more  highly  hydrated  species  become  less  abundant  as  the  ion 
energy  is  increased. 

The  decrease  of  cluster  size  with  increasing  ion  energy 
may  be  due  to  a  number  of  effects.  Firstly,  the  cross  sections  for 
the  clustering  reactions:  AnH+  +  A  A  ^H+  will  probably  decrease 

with  increase  of  ion  velocity  (ie.  velocity  dependence  of  the  Langevin- 

23 

Gioumousis  -  Stevenson  type).In  the  second  place,  the  quenching  colli¬ 
sions  required  for  the  removal  of  the  excess  energy  (released  in  the 
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FIGURE  7.4 

Effect  of  Increasing  Ion  Exit  Energy  in  the  Mass  Spectrum 

of  Water  Vapor  at  0.36  torr 

Er  is  repeller  field  strength 
£  is  the  distance  from  plane  of  primary 
ionization  to  the  ion  source  exit  slit. 
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clustering  reaction)  should  also  become  less  effective.  Thirdly, 
collisions  at  high  relative  velocities  should  lead  to  stripping  of 
water  molecules  from  the  cluster.  The  last  two  effects  are 
interrelated  since  the  quenching  collisions  become  heating  and 
stripping  collisions  at  high  relative  velocities. 

In  order  to  utilize  the  results  of  Fig.  7.4  so  as  to  establish 

whether  reduction  of  the  cluster  size  occurs  between  the  ion  source 

exit  slit  and  the  withdrawal  electrode,  one  would  have  to  examine 

the  relative  importance  of  the  effects  mentioned  above.  Unfortunately 

the  state  of  knowledge  about  the  phenomena  involved  does  not  allow 

safe  predictions  to  be  made.  Only  the  effects  of  cross  section 

decrease  may  be  estimated.  Assuming  the  Stevenson  cross  section 

dependence^ the  ratio  of  the  two  cross  sections  Q1  and  Q2  for  the 

same  reaction  at  two  different  ion  energies  (E  i) i  and  (E  i)  2/ 

is  given  by  Q/Q2=  [(Er^2/  (Er£)}J  Taking  (E^  =  5  ev  and 

(E  Z)  =  50  ev  (see  Fig.  7.4)  we  predict  a  cross  section  change  by 
r  2 

only  a  factor  of  three.  Considering  the  drastic  changes  observed 
in  the  cluster  composition  for  such  a  change,  in  ,  it  is  concluded 
that  the  overriding  effect  is  not  that  of  cross  section  change  but 
that  of  energetic  ("hot"  ion)  collisions  with  water  molecules  lead¬ 
ing  to  reduction  of  the  cluster  size. 

7 . 6  Conclusions 

t 

It  may  be  concluded  that  the  high  pressure  results  of 
Fig.  7.1  are  probably  adulterated  by  cluster  stripping  between  the 
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ion  exit  slit  and  withdrawal  electrode.  For  example  the  observed 
constancy  of  the  (H?0)3H30+  ion  from  0.35  to  0.9  torr  is  probably 
due  to  the  generation  of  this  ion  from  larger  clusters  which  are 
stripped  outside  the  ion  source.  Thus  it  might  be  concluded  that  this 
ion  actually  decreases  in  intensity  with  pressure.  This  expected 
decrease  of  intensity  brings  the  results  in  closer  agreement 
with  the  intensity  changes  predicted  by  the  equilibrium  treatment. 

In  the  absence  of  the  instrumental  defect  the  results  would  have 
probably  agreed  with  those  of  the  equilibrium  curves  obtained  from  the 
alpha  particle  mass  spectrometer.  Since  the  ionic  residence  times 
in  the  alpha  particle  mass  spectrometer  are  of  the  order  of  milli¬ 
seconds,  while  those  in  the  proton  beam  mass  spectrometer  are  in 
the  microsecond  range,  the  tentative  agreement  of  the  two  sets  of 
data  suggests  that  at  pressures  above  0.4  torr^ clustering  equili¬ 
brium  is  established  very  rapidly. 

Figure  7.1  could  be  considered  to  have  three  pressure 

/ 

ranges?  (1)  from  0  to  .2  torr  a  range  of  dynamic  consecutive  reactions 
(which  can  be  fitted  by  the  reaction  scheme  given  before)^  (2)  an 
intermediate  range  from  0.2  to  0.4  torr,  and  (3)  a  range  above 
0.4  torr  where  equilibrium  conditions  are  probably  established. 

7 . 7  Suggestions  for  Further  Experiments 

It  is  felt  that  further  experiments  on  the  present  system 
with  a  redesigned  geometry  between  the  ion  source  exit  slit  and 
withdrawal  electrode  to  increase  the  gas  conductance  of  this  region 
would  be  helpful.  Use  of  a  transparent  mesh  grid  in  place  of  the 
withdrawal  slit  would  be  one  way  of  achieving  this.  The  effect  of 
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varying  the  draw  out  potential  should  also  be  examined.  Experiments 
performed  at  higher  pressures  and  with  temperature  variations  would 
be  pertinent.  In  fact/  experiments  at  higher  pressures  of  water 
by  using  ultra  -  fast  or  "infinite"  pumping  speed  cryogenic  pumping 
are  being  planned  now. 

Studies  of  clustering  and  solvated  ions  of  other  polar 
molecules  such  as  alcohols,  ethers  and  amines  would  be  very 
interesting.  Experiments  at  pressures  where  an  equilibrium  exists 
could  show  if  any  of  these  molecules  exhibit  solvated  "inner"  and 
"outer"  shell  structures.  Solvation  studies  with  a  different  ion 
around  which  hydration  could  take  place  would  be  enlightening. 
Possibilities  of  experiments  using  metal  ions  such  as  the  alkali 
metals  and  varying  the  solvent  molecule  (eg.  water,  methanol,  ammonia/ 
etc,)  seem  promising.  Solvation  of  negative  ions  such  as  the  halides 
(eg.  Cl  )  would  be  of  interest.  An  example  of  competitive 
solvation  (between  methanol  and  water)  is  discussed  in  Part  II  of 


this  Chapter. 
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PART  II.  COMPETITIVE  SOLVATION  IN  THE  GAS  PHASE 

THE  SYSTEM  WATER-METHANOL 

7 . 8  Introduction 

In  both  water  and  methanol,  protonated  molecule 
ions  are  formed  readily  by  ion-molecule  reactions  in  the 
gas  phase.  The  hydronium  ion7 H30^  is  formed  by  Reactions  (7.1) 
and  (7.2)  given  previously.  Since  the  primary  proton  impact 
mass  spectra  of  various  molecules  for  50  to  100  kev  protons 
were  shown  to  be  similar  to  ordinary  electron  impact  mass 
spectra  (see  Chapter  3,  Part  II),  the  main  primary  methanol 
ions  (accounting  for  95%  of  the  total  ionization)  are 
CH3OH+,  CH2OH+  and  CHO+.  The  following  proton  transfer 
reactions  of  these  ions  with  methanol  have  been  observed 
or  postulated:  8  8/  9  lt  967*/" 


ch3oh+ 

+ 

CH3OH 

-> 

CH3OH2+ 

+ 

CH2OH  (or  CH30) 

(7.11] 

ch2oh+ 

+ 

ch3oh 

-»■ 

ch3oh2+ 

+ 

ch2o 

(7.12] 

CHO+ 

+ 

ch3oh 

-V 

ch3oh2+ 

+ 

CO 

(7.13] 

In 

addition 

Munson  8  8  has 

observed  the  disolvated 

ion  (CH 3OH) 2H+  which  is  probably  formed  by  the  reaction  of 
CH3OH2+  with  methanol. 

In  a  short  preliminary  study,  the  major  series  of 
ions  (CH 3OH)  • CH 3OH2+  were  observed  in  pure  methanol  at  0.36 
torr  (at  room  temperature) .  In  fact  these  clusters  account¬ 
ed  for  ca.  99%  of  the  total  ionization.  The  presence  of  this 
major  series  suggested  the  possibility  of  studying  competi¬ 
tive  solvation  of  CH3OH2+  by  methanol  and  water  molecules. 
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The  study  would  be  based  on  observing  the  R.A.'s  of  mixed 
clusters  such  as  H+.xCH30H»y  H20.  No  additional  reactions 
are  expected  to  occur,  since  it  was  shown  in  Part  I  of  this 
chapter  that  water  solvates  completely  as  H*yH20  in  the 
gas  phase. 

7 . 9  Results 

Ionic  reactions  in  mixtures  of  methanol  and 
water  vapour  were  studied  at  a  constant  (.36  torr)  water 
vapor  pressure.  The  methanol  concentration  was  varied 
from  one  to  about  40  millitorr.  The  mass  spectrum  of  pure 
methanol  and  pure  water  was  also  measured  at  .36  torr. 

Some  representative  spectra  are  presented  in  Figs.  7.5  -  7.7. 
Essentially  the  only  product  ions  observed  are  clusters  involv¬ 
ing  water  or  methanol  molecules.  Since  the  central  ion 
about  which  the  molecules  cluster  could  be  CH30H2+  or  H30+ 
at  low  methanol  concentrations,  this  ion  will  be  assumed 
to  be  a  proton  for  simplicity  in  writing  formulas.  We 
will  use  the  notation  M  for  a  methanol  molecule  and  A  (aqua) 
for  water. 

From  the  spectra  it  can  be  seen  that  at  2.4  millitorr 
methanol, corresponding  to  0.66%  of  the  water  concentration, 
clusters  containing  one  or  two  methanol  molecules  are  quite 
prominent.  With  8.4  millitorr  CHsOH/or  a  concentration 
of  about  2%  that  of  the  water,  the  pure  water  clusters 
AnH+  are  almost  entirely  suppressed  and  pure  methanol 
clusters  e.g.  M3H+  and  Mi+H*,  become  visible.  At  the 
highest  methanol  concentration  (11.3%)  of  41  millitorr,  the 
pure  methanol  cluster  Mi+H*  is  the  dominant  one  in  the 
spectrum,  and  the  next  peaks  of  higher  R. A. ,  M3AH+ 
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FIGURE  7.5 


Mass  Spectra  of  Water  and  Water-Methanol  Mixture 


Top: 

Mass  spectrum  of  pure  water  vapor  at  0.36  torr 

ion  source  pressure. 

Bottom: 

Mass  spectrum  of  2.4  millitorr  methanol  and 

0.36  torr  water  mixture. 
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FIGURE  7.6 


Mass  Spectrum  of  Methanol-Water  Mixture 


Ion  source  pressure  of  water  vapor  is  0.36  torr 
and  of  methanol  is  8.4  millitorr. 
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FIGURE  7,7 

Mass  Spectra  of  Water-Methanol  Mixture  and  Pure  Methanol 


Top : 

Mass  spectrum  of  0.36  torr  water  with 

41  milli  torr  methanol 

Bottom: 

Mass  spectrum  of  pure  methanol  at 

0.36  torr  ion  source  pressure. 
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and  M4AH  contain  only  one  water  molecule.  Mass  spectra 
were  also  taken  (not  shown)  for  .33,  1.32,  5.17,  and  8.1 
per  cent  methanol.  The  combined  data  are  shown  in  Table  7.1. 

In  pure  methanol  at  .36  torr,  the  pure  methanol 
clusters  are  about  the  only  species  observed,  with  the 
dominant  clusters  being  M4H+  and  M5H"*"  which  account  for  85% 
of  the  total  ionization.  Two  different  ions  of  low  R.A.'s 
(0.7%)  were  observed.  These  could  be  written  as  M3 (CH3OCH3 ) H+ 
and  M4 (CH3OCH3 ) H+  in  agreement  with  the  findings  of  Munson  100 
who  reported  the  lower  homologues  (CH3OCH3)H+  and  M (CH3OCH3 ) H+ . 

The  sums  of  each  group  of  equal  number  of  molecules 
clustered  around  a  proton  are  also  shown  in  Table  7.1. 

The  ions  represented  by  L3H+  for  example  are  A3H+  ,  A2MH+^ 

AM2H+  and  M3H+.  The  R.A.'s  of  these  ions  (expressed  as 
per  cent  of  the  total  ionization)  are  summed  and  called LL,3H+. 
The  intensities  of  the  various  summed  cluster  groups 
are  plotted  versus  methanol  concentration  in  Fig.  7.8.  The 
one  and  two  ligand  clusters  are  of  low  concentration  but 
some  trends  can  be  seen  in  the  higher  clusters.  The  three 
molecule  cluster  gradually  increases  from  1.2%  in  pure  water 
to  a  maximum  of  13.9%  for  a  methanol  concentration  of  5.17% 
and  then  decreases  again  to  3.5%  with  pure  methanol.  The 
four  cluster  IL4H+  gradually  increases  to  a  maximum  R . A . 
of  66%  for  8.1%  methanol.  The  R. A.  of  IL4H+  for  100% 
methanol  seems  somewhat  anomolous  at  only  37.1%  of  the 


total  ionization. 
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F IGURE  7 . 8 


Variations  of  Summed  Cluster  Groups  of  Lr: 

Water  Mixtures 


Water  pressure  in  ion  source  is 

%  methanol  is  pressure  of  methanol 

pressure  of  water 

The  LnH+  represent  the  total  R., 


ti 

+,  in  Methanol- 

constant  at  0.36  t 
x  100 

.  of  all  clusters 


with  n  solvated  molecules. 


(UOj+DZjUO]  [D|OJ_  p  %)  V  ii 


%  C  H3  OH  in  H20 


-  17  2  - 

7.10  Calculation  of  the  Preferential  Take  Up  of  Methanol 
into  the  Water  -  Methanol  Clusters. 

It  can  be  shown  that  composition  of  a  given  cluster 
L^H+  follows  a  probability  distribution.  Calling  the  prob¬ 
ability  for  methanol  inclusion  m  and  that  for  water  a,  the 
calculated  probabilities  for  an  n  solvate  containing  n  mole¬ 
cules  will  be  equal  to  the  binomial  expansion  terms  of 
(a  +  m)n.  Thus  for  the  n  =  3  group  the  intensities  of  the 
ions  A3H+,  A2MH ,  AM2H+,  and  M3H+  should  be  in  the  ratios  of 
a3:  3a2m:  3am2:  m3 .  Values  for  a  and  m  could  be  obtained 
by  fitting  binomial  expansions  to  the  experimental  results. 

The  fit  obtained  is  shown  in  Table  7.2.  Agreement  for 
other  methanol  concentrations  not  shown  in  Table  7.2  was  at 
least  as  good  as,  or  better  than,  the  examples  given. 

For  convenience,  the  sums  of  the  R.A.'s  of  each 
group  of  the  same  n  (ZLnH  )  has  been  set  equal  to  100. 

In  order  to  compare  the  results  obtained  with  different 
methanol-water  ratios,  in  Eq.  (7.14)  a  coefficient (y^  of 
preferential  take  up  of  methanol  into  the  cluster  is 

m  (7.14a) 

a 

^  <7a4b) 

where  Pw  and  P,  are  the  partial  pressures  of  methanol  and 
M  A 

water  present  in  the  ion  source.  The  y's  calculated  are 
constant  within  10%  over  the  concentration  range  studied 
within  a  given  series,  LnH+,  of  n  ligands  for  n  =  3  to  6 . 

The  average  y's  (called  yR+)  as  calculated  from  all  the 
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TABLE  7.2 


Mass  spectra  of  Methanol-water  mixtures  showing  competitive 
solvation  of  the  proton  by  methanol  and  water  molecules. 


%  methanol* 

1.32% 

5.17% 

11.3% 

Ion 

Expit 

Calc . 

§  u 

Y 

Expit 

Calc. § 

% 

Y 

Explt 

Calc.  § 

T\ 

Y 

R.  A. 

R.  A. 

R.  A. 

R.  A. 

R.  A. 

R.  A. 

A3H  + 

8 

6.4 

— 

.27 

— 

0.2 

a2mh+ 

29 

28.8 

113 

5 

5.06 

119 

1.2 

1.02 

141 

am2h 

45 

43.2 

32 

31.1 

15.6 

15.9 

18 

21.6 

•* 

m3h 

63 

63.6 

83.2 

83.1 

A4H+ 

9.6 

9.2 

0.3 

1.3 

— 

.07 

a3mh+ 

30.0 

5.1 

10.5 

0.5 

1.4 

a2m2h+ 

43.2 

36.8 

61 

30.6 

30.2 

37.5 

9.3 

10.8 

47 

am3h+ 

14.3 

20.1 

45.5 

39.1 

41.2 

37.9 

M1(H+ 

1.3 

4.1 

18.9 

19.0 

49.0 

49.8 

A5H+ 

24.1 

25.4 

2.1 

4.6 

.24 

5  + 
a4mh 

48.5 

40.3 

16.7 

19.5 

1.4 

2.8 

a3m2h+ 

22.8 

25.3 

34.4 

33.1 

11.9 

13.2 

A2M3H+ 

4.3 

8.0 

23.8 

32.8 

28.4 

16.5 

32.7 

30.9 

21 

A  M  H+ 

.45 

1.26 

11.7 

12.1 

35.5 

36.0 

M5H 

- 

.08 

2.0 

2.1 

18.5 

16.8 

A  H+ 

c 

47 

46.4 

11 

11.8 

- 

2.2 

b  + 

A  MH 

40.6 

38.0 

10.3 

31 

30.3 

9.2 

11.5 

11.8 

8.0 

A,  MaH 

4  ^ 

10.3 

12.9 

37 

32.5 

22 

26.1 

A  M3H 

1.1 

2.3 

18 

18.5 

31 

30.9 

a2m4h+ 

5.9 

26 

20.5 

am5h+ 

9.5 

7.3 

m6h+ 

1.1 

*%Methanol  a  Pressu]:^  me^hano,l .  x  100.  Abundances  renormalized 

pressure  water 

to  100  for  each  group.  Abundances  calculated  from  the  binomial 
expansion.  ^Factor  of  preferential  methanol  to  water  solvation. 
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spectra  measured  at  various  methanol  concentrations,  are 
presented  in  Table  7.3,  column  2. 

At  methanol  concentrations  higher  than  2%,  almost 
no  pure  water  clusters  are  present  and  one  could  consider 
that  molecules  solvate  around  a  protonated  methanol  (MH+) 
core.  The  proton  was  assigned  to  the  methanol  oxygen  ion 
since  the  proton  affinity  of  methanol  is  about  10  to  20 
kcals/mole 1 0 °higher  than  that  of  water.  This  assignment 
seems  consistent  since  even  for  the  5%  methanol  mixture,  where 
the  water  concentration  is  overwhelming,  pure  water  hydrates 
A^H+  are  approximately  zero  (e.g.  R.A.  of  A3H+  =  0%, 

R. A.  of  A4H+  =  0.2%)  whereas  pure  methanol  clusters 
are  observed  in  noticeable  intensity  (eg.  R.A.  of  M4H+  =  12.2%) 
Above  methanol  mixture  concentrations  of  2%,  the  clusters 
contain,  on  the  average,  considerably  more  methanol  than 
water.  Methanol  is,  therefore  the  stronger  solvent  in  the 
observed  clusters,  i.e.  clusters  containing  up  to  five 
solvent  molecules. 

Using  data  from  the  three  highest  concentrations 
of  methanol,  we  can  calculate  a  YMH+  in  exactly  the  same 
manner  as  for  yh+.  These  Yj^+'s  are  also  constant  for 
a  given  number  of  solvating  molecules  i.e.  for  clusters 
of  the  same  n.  These  values  are  also  presented  in  Table  7.3 
column  3.  Both  the  yH+  and  YMH+  show  gradual  decreases  as  n 
is  increased.  Thus  for  solvation  of  MH+,  methanol  is 
preferentially  taken  up  by  a  factor  of  80,  31,  14  and  6  for 
clusters  containing  2,  3,  4  and  5  solvent  molecules. 
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TABLE  7 . 3 


Coefficients  of  preferential  methanol  take  up  (y)  in  the 


water-methanol  clusters 


n* 

YH+  + 

+5 

tMH 

2 

80  +  10% 

3 

120  +  10% 

31 

4 

45 

14 

5 

22 

5.5 

6 

9.1 

*  number  of  solvating  molecules 

f  molecules  are  considered  to  solvate  H+  (calculated  from 

Table  7.2)  i.e.  LnH+ 

§  molecules  are  considered  to  solvate  an  MH+  core  i.e.  LnMH+ 


. 
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7.11  Equilibrium  in  the  Solvation  of  MH+  by  Water  and  Methanol 

So  far  in  this  discussion  we  have  omitted  any  reference 
to  the  question  of  cluster  equilibrium.  It  can  be  estimated  that 
an  ion  will  make  20  -  40  collisions  with  neutral  gas  molecules 
at  0.36  torr  pressure  before  exiting  the  ion  source  if  a  collision 

O  ■jjf 

cross  section  of  50  to  100  A2  is  assumed.  This  estimate  is 
probably  conservative  considering  the  large  size  of  the  clusters. 
However  using  these  estimates,  at  1%  methanol  concentration  an  ion 
will  only  have  about  one  chance  in  two  or  three  to  collide  with 
a  methanol  molecule.  At  5%  methanol  concentration,  every  ion 
can  collide  with  at  least  one  or  two  methanol  molecules  in  traversing 
the  ion  source.  At  methanol  concentrations  below  5%  where  pure 
water  clusters,  AnH+/  are  still  observed,  it  is  considered  that 
no  equilibrium  would  exist.  In  the  remainder  of  this  discussion 
only  competitive  solvation  of  MH+  by  methanol  and  water  at  mixture 
concentrations  of  5%  methanol  and  higher  will  be  considered. 

Here  pseudo-equilibrium  conditions  are  expected  to  apply  for  rea¬ 
sons  to  be  given  below. 


*  To  a  good  approximation,  the  number  of  collisions  an 

ion  makes  with  molecules  in  travelling  the  distance  I  (from 
plane  of  ionization  to  ion  source  exit  slit)  is  given  by  I  /  A 
as  discussed  in  the  Introduction,  Chapter  1,  Sec.  1.7.  The 
mean  free  path  of  an  ion  A  is  given  by  A-  (on)  1 ,  where  a  is 
the  collision  cross  section  for  an  ion  colliding  with  a  gas 
molecule  and  n  is  gas  concentration  in  molecules/cc . 


-  -  ,  \  \  JL  - 


. 


;i  «1<W  «i  1  00*  O*  Oi  O  nc,*»ea  «*>« 


.  "*• tr  a  *.  4cirrF^  . 


■V 


loa  Ylqqe  03  b*3ooqxo  viz  anoiiibnoo  auiidiXitfps-ofcHMq  «eH 


)  d  ,:  b  1  '  '  1  '' 


177 


A.  Qualitative  model 

A  qualitative  physical  model  may  be  used  to  demonstrate 

why  a  pseudo-equilibrium  might  be  assumed.  Considering  first 

the  very  high  water  concentration  experiments,  the  initial  ion 

formed  by  ion-molecule  reaction  will  be  H30+,  which  on  collisions; 
tootecu  /es 

with  waterAwill  form  H30  *nH20.  Upon  the  first  collision  with  a 
methanol  molecule,  a  complex  H+ (n+1) H20  will  be  formed.  Since 
every  addition  or  solvation  of  the  cluster  by  another  molecule 
is  exothermic,  excess  energy  must  be  removed  in  order  that  the 
cluster  not  decompose.  This  energy  can  be  removed  by  a  third 
body  (most  likely  water)  or  one  or  even  two  water  molecules 
might  be  "boiled  off".  Because  of  the  difference  in 
proton  affinities  of  methanol  and  water  (>  13  kcal/mole) 1 0 0 
more  energy  must  be  removed  upon  addition  of  a  methanol  molecule 
to  the  cluster  than  for  a  water  molecule  addition.  The  cluster 
could  be  envisaged  as  becoming  enriched  in  methanol  and  depleted 
in  water  as  in  the  following  example: 

MH+.A3  +  M  +  [MH+*A3M]  +  MH+.A2M  +  A  (7.15a) 

MH+*A2M  +  M  -*  [MH+  •  A2M2  ]  MH+-AM2  +  A  ,  etc.  (7.15b) 

B.  Comparison  with  other  equilibrium  results 

Additional  support  for  the  argument  that  the  present 
results  represent  at  least  a  pseudo-equilibrium  picture  of 
competitive  solvation  of  methanol  and  water  about  MH*  has  come 
from  some  very  recent  results  on  a  study  of  the  same  system  by 
Kebarle  and  co-workers86  using  the  alpha  particle  mass  spectro¬ 
meter  of  these  laboratories.  Studies  were  done  at  2  and  5  torr 
total  pressure  with  varied  methanol  and  water  concentrations  at 


^  .0*9  ,  A  +  SMA-  101  *U*ljA*'  H!!J  +  M  +  MsA.'hm 

;  9  j  q  i  mr-  J  ajw-ofciJe  q  <  -  ;  *  BrtJ  l'191 

1  m  ti  -/j  t- u»a  «<(*  ie  vfc:  »•  <  «o  s*Iur  *  •••*<■■  1  ®e  '* 

4i  enoxiflx^naonoo  iu>ew  fefl*  Xort*fi*9m  *  v>  i  <  as  ;-v:,ov 


178 


50°  C.  The  R.A.'s  of  the  clusters  MH+*nL  are  very  similar  to 
that  observed  in  the  present  research.  Using  the  high  pressure 
alpha  particle  mass  spectrometer  a  better  approach  of  the  system 
to  equilibrium  can  be  assumed  because  of  the  higher  pressures 
and  the  much  longer  ionic  reaction  times  present  (about  a  milli¬ 
second  compared  to  a  microsecond  in  the  proton  beam  mass  spectro¬ 
meter)  .  These  workers  found  y__TT+  '  s  of  55.  25  and  8  for  solvation 
of  3,  4  and  5  ligands  respectively.  The  values  for  our  results 
(Table  7.3)  are  31,  14,  5.5.  In  both  sets  of  data^  y  '  s  were 
constant  within  a  group  of  equal  n  ligands.  Both  these  sets  of 
y's  exhibit  similar  trends  and  considering  the  agreement  (within 
a  factor  of  two)  our  results  must  reflect  a  near-equilibrium  forma¬ 
tion  of  solvated  MH+  clusters  at  methanol  concentrations  above  5%. 
7.12  Further  Discussion  of  the  Solvation  of  MH+  by  Methanol  and 

Water 

A.  Variation  of  y  with  increasing  n 

In  Fig.  7.9  we  have  plotted  log  YMH+  versus  n,  the 
number  of  solvating  molecules  in  the  cluster.  Also  included  are 
some  of  the  results  of  Haynes  and  Kebarle. 86  It  is  seen  that  log 
y  decreases  linearly  with  increasing  n  for  both  sets  of  results. 

If  one  extrapolates  the  log  YMH+  line  to  zero  the  abscissca 
is  crossed  by  both  sets  of  data  n  =  7,  indicating  that  for 
seven  ligands  solvating/ the  probability  for  water  or  methanol 
inclusion  is  equal.  For  n>7,  y  becomes  less  than  unity,  i.e. 
water  begins  to  take  precedence. 

Whether  the  linearity  of  log  y  with  n  is  significant 
is  not  immediately  obvious.  One  can  calculate  (approximately) 
the  difference  in  stability  between  solvation  of  MH+  by  water 
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F IGURE  7 . 9 


Variation  of  log  y  versus  Number  of  Solvated  Molecules  (n) 

y  is  coefficient  of  preferential  methanol  take- 
up  in  the  clusters  MH+* nL,  where  n  is  the  number  of  solvat¬ 
ing  ligands  (water  or  methanol)  clustering  around  MH+. 

8  6 

_ ^ _  Data  of  Kebarle  measured  in  the  alpha 

particle  mass  spectrometer  at  2  and  5  torr. 

^  Present  results 
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only  and  by  methanol  only.  Considering  equations  (7.16)  and 
(7.17) 


MH+  +  nM  *  MH+ • nM 
MH+  +  nA  Z  MH+-nA 


(7.16) 

(7.17) 


we  can  write  for  the  free  energy  difference  between  water  and 
methanol 


iFi 


-  AF°  =  -RT  In 


M 


MH+ • nA 

MH+[A]n 


-[- 


RT  In 


MH+-nM 
MH+  [M]  n/_ 


=  RT  In 


/ MH+ • nM [A] n 


\mH+ . nA [M] n 


(7.18) 


=  RT  In  y 


n 

n 


where  [A]  and  [M]  indicates  partial  pressure  of  water  and  methanol 
and  y  is  y»„tt+  for  the  cluster  MH+*nL.  Using  values  read  direct- 
ly  from  Fig.  7 . 9/  the  free  energy  difference  is  easily  calculated 
from  the  working  equation 


AFA  "  AFM  =  i*38  n  lo<3  Yn  (7.19) 

For  n  =  2,  the  free  energy  difference  is  5.2  kcal/mole, 
for  n  =  3,  6.2  kcal/mole,  n  =  4#  6.3  kcal/mole  and  n  =  5,  5.2 
kcal/mole.  The  values  indicate  that  the  free  energy  differences 
between  water  only  and  methanol  only  solvating  are  constant  for 
2  to  5  ligands  solvating  MH^  If  considered  per  ligand,  the 
free  energy  differences  are  gradually  decreasing  so  that  methanol 
is  becoming  less  strongly  bound  compared  to  water  as  the  total 
number  of  ligands  increase.  This,  of  course,  is  also  demonstrated 
by  the  decreasing  y  with  increasing  n. 


+  .... - 1_ ..  r—  i  y  ax'  Y  t>"6 


nY  eox  n  8E.I  - 

ienorasb  oaX*  ai  .aaxuoo  lo  .axrit  *mmwMU  abnapil  5o  ladmun 


. 


181 


B .  Use  of  the  "electrostatic  theory"  in  the  interpretation 

of  competitive  solvation 

In  the  interpretation  of  the  present  results  considerable 
help  can  be  obtained  from  the  "electrostatic  theory"  for  metal-ion 
coordination  complexes.101  This  theory,  using  simple  electrostatic 
concepts,  allows  the  calculation  of  the  binding  energies  of  metal 
complexes  in  the  gas  phase.  The  results  of  such  calculations 
have  been  in  many  cases  very  successful.  In  general,  the 
potential  energy  of  a  complex  ion  is  built  up  of  four  terms. 

These  are  due  to  the  attraction  between  the  ion  and  the  perma¬ 
nent  and  induced  dipole  of  the  ligands,  the  mutual  repulsion  of 
the  dipoles,  the  energy  required  to  form  the  induced  dipoles  and 
the  van  der  Waals  repulsions  between  the  ligands  and  the  cen^ 
tral  ion.  Comparing  the  potential  energies  of  an  ion  having 
water  or  methanol  molecules  as  ligands,  it  is  found  that  the 
first  term  is  the  decisive  one.  The  first  term  contains  the 

sum  of  the  permanent  dipole  and  the  polarizability.  The  di- 

\ 

pole  moments  of  water  and  methanol  are  1.85  and  1.69  D  while 
the  polarizabilities  are  1.48  and  3.23  .  The  potential 

energy  of  an  ion  dipole  interaction  varies  inversely  with  the 
square  of  the  distance  while  the  polarizability  interaction 
depends  on  the  fourth  power.  It  follows  that  the  methanol 
molecules  with  their  slightly  lower  dipole  moment  but 
considerably  higher  polarizability  will  be  more  strongly  solvating 
than  water  at  close  range  to  the  ion.  The  experimentally  observed 
preference  for  methanol  is  thus  to  be  understood  as  resulting 
from  the  higher  methanol  polarizability. 
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C .  Evidence  for  shell  structure  in  competitive  solvation 
of  MH+  by  methanol  and  water 

In  a  study  of  the  competitive  solvation  of  NH4  +  by 
water  and  ammonia/ Kebarle  and  co-workers81  found  that  ammonia 
preferentially  fills  an  inner  shell  of  NH4+*4NH3  whereupon  water 
is  then  taken  up  into  the  outer  shell.  Some  of  the  evidence  for 
this  conclusion  was  the  fact  that  for  5  ligands  solvating  NH4  +  ^ 
no  probability  distribution  could  fit  the  experimental  results. 
However,  if  the  additional  ligands  were  considered  to  solvate 
around  an  inner  shell  of  NH 4 • 4NH 3 / then  the  results  were  found  to 
fit  aprobability  distribution  from  the  binomial  expansion  and 
outer  shell  y ' s  could  be  calculated.  These  outer  shell  y's 
were  found  to  be  about  a  factor  of  1000  lower  than  the  inner 
shell  y's.  Since  the  present  results  for  competitive  solvation 
of  methanol  and  water  about  MH+  fit  probability  distributions  for 
2  to  5  ligands,  it  may  be  concluded  that  these  clusters  do  not 
contain  molecules  which  occupy  a  distinct  outer  shell.  Therefore 
the  inner  shell  would  contain  at  least  five  solvent  molecules. 

7 . 13  Conclusions 

The  ability  to  fit  a  cluster  of  constant  n  (n  =  number 
of  solvating  molecules)  with  a  probability  distribution  is  some¬ 
what  unexpected,  even  if  all  molecules  belong  to  the  same  solvation 
shell.  A  probability  distribution  means,  for  example,  that  in 
the  four  cluster,  MH+*4L,  the  preference  for  methanol  over  water 
is  the  same  whether  the  remaining  four  ligands  are  water  or 
methanol  or  a  mixture  of  the  two.  It  would  be  thought  that  this 
is  not  strictly  true.  Thus  the  data  from  these  experiments  must 
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indicate  that,  in  the  first  approximation,  the  nature  of  the 
other  occupants  is  not  important  in  regard  to  further  solvation 
of  the  cluster  by  either  a  water  or  methanol  molecule. 

Because  of  the  good  agreement  between  these  results 
(obtained  where  the  ionic  reaction  time  is  about  a  microsecond) 
and  the  results  of  Kebarle  and  co-workers  (obtained  where  the 
ionic  reaction  time  is  about  a  millisecond)  it  may  be  concluded 
the  clustering  equilibrium  is  established  very  rapidly;  further¬ 
more  the  present  results  approach  equilibrium  conditions. 

As  was  noted,  while  y  remains  constant  for  a  cluster 
distribution  with  n  constant,  it  was  observed  that  y  decreases 
as  n  increases.  This  can  be  understood  if  it  is  assumed  that 
whenever  n  is  increased  by  one  molecule,  the  effective  radius  of 
the  (inner)  shell  increases.  This  causes  the  polarizability 
to  become  less  important  and  leads  to  a  decrease  of  the 
preference  for  methanol.  An  increase  of  the  effective  radius 
might  be  expected  because  of  the  mutual  repulsion  due  to  dipole 
and  van  der  Waal's  forces  between  the  ligands. 

7 . 14  Suggestions  for  Further  Research 

The  author  thinks  that  many  exciting  possibilities  exist 
for  further  studies  in  solvation  of  polar  molecules  about  various 
ions  and  in  competitive  solvation  of  the  type  studied  here. 

The  present  study  of  the  system  methanol-water  could  be 
expanded  greatly  with  variation  of  total  pressure  and  tempera¬ 
ture,  just  to  mention  two  variables.  Competitive  solvation  of 
other  alcohols  and  other  polar  solvents  with  water  would  be  of 


much  interest. 
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APPENDIX 


Calculation  of  Conductance  of  Region  between  Ion  Source 

Exit  Slit  and  Withdrawal  Plate 

The  region  between  the 
bottom  of  the  ion  source 
and  the  withdrawal  elect¬ 
rode  is  a  squat  cylinder 
of  height  d=0.1  cm  and 

a  radius  r  =1.8  cm. 

2 

The  gas  is  considered  to 
bleed  out  of  the  ion  source  in  a  smaller  cylindrical  re¬ 
gion  of  radius  0.2  cm  and  height  d  =  0.1  cm.  The  gas 
then  flows  outwards  between  the  two  electrodes  (top  and 
bottom  of  cylinder)  to  the  low  pressure  region. 

A  general  equation  for  the  flow  conductance 
F  of  a  tube  is  given  by 


^  4.  nr _ _ 

where  v  is  average  molecular  velocity 

H  is  circumference  of  cross  section 
A  is  area  of  cross  section 
t  is  length 


in  cm/sec 

in  cm 

•  _„2 
in  cm 

in  cm 


*  S.  Dushman,  Scientific  Foundations  of  Vacuum  Technology , 

Second  Edition,  John  Wiley  and  Sons,  Inc.,  New  York,  1962 
p.  88 
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In  this  case  the  length  considered  is  along 


the  radius  of  the  cross  section  of  the  cylindrical 
region,  i.e.  the  distance  r,  since  the  gas  flow  is  consid¬ 
ered  to  take  place  from  the  region  between  the  source 
and  withdrawal  slits  but  not  through  the  slit  in  the 
withdrawal  electrode.  The  area  considered  is  the  out¬ 
side  of  the  cylinder  but  not  including  the  ends.  There¬ 
fore  A  =  2TTrd  and  H  =  (2)  (2frr)  +2d  =  4 since 
Inserting  these  terms  in  Eg.  (1)  we  obtain 


F  =  ±r 


(2) 


Upon  inserting  numerical  values  we  obtain  F-950  cc/sec  & 
1  liter/sec. 


Now  the  rate  of  gas  flow  to  the  ion  source 


at  an  ion  source  pressure  of  one  torr  is  Q=50  torr-cc/sec  ^ 
as  measured  by  the  pressure  drop  with  time,  of  gas  bleed¬ 
ing  from  the  sample  reservoir  bulb  through  the  molecular 
leak  to  the  ion  source.  The  pressure  p  in  the  source 
exit  withdrawal  region  is  readily  determined  from  the 
conductance  F  of  this  region  [from  Eq.  (2)J  and  Q  since 


Q  =  Fp 


(3) 
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where  it  is  assumed  that  the  pressure  of  the  vacuum 
envelope  is  much  smaller  than  p.  This  pressure  p  is 
calculated  to  be  50  millitorr,  upon  inserting  the 
values  of  F  =  1  liter/sec  and  Q  =50  torr-cc/sec  = 

50  millitorr-liter/sec.  in  Eq.  (3) . 

Theref ore/f or  a  1  torr  ion  source  pressure,, 
the  pressure  in  the  region  between  ion  source  exit  and 
withdrawal  slit  is  50  millitorr. 
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